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ABSTRACT
Copepods may provide a significant pathw ay for the concentration and transfer of 
polyaromatic compounds (PACi to higher trophic level consumers. PAC dissolved from 
weathered crude oil are more persistent in the environment and have much higher toxicity 
than the lighter, more volatile fractions of crude oil. Because of their polarity. PAC tend 
to accumulate in bio-lipids. Subarctic copepod species can contain up to 8 0 ^  of their 
body dry weight in lipids and have a high surface area to volume ratio. Thus. PAC 
accumulation is rapid and bioaccumulation factors are in the order o f  500 -8000. 
depending upon species and lipid content. While direct toxic effects o f  oil on copepods 
have been reported in the order of  10 mg/L. toxicity increases substantially in the 
presence o f  natural ultraviolet i l 'Y )  radiation. Phototoxic effects to the copepods Calanus 
m arshallae  and M vtridia okhotensis were observed at concentrations o f  ~2pg/L  total 
dissolved PAC follow ed by 4-8 hours of exposure to ambient daylight. Responses 
included mortality. immobilization and discoloration of lipid sacs. Further experiments 
were conducted to test the interaction effects of various concentrations o f  PA C dissoUed 
from weathered Alaska North Slope crude oil and subsequent exposure to sunlight with 
and without the I 'YB component to  the copepods Xeocalanusflem in ijeri and A’. 
p lum chrus. Phototoxicity w as found to be a linear function of the product o f  light 
intensity and PAC concentration. High natural variability in egg production rates 
precluded significant results of the toxicity of  oil to copepod reproduction. This work has 
show n that copepods could potentially provide a mechanism for the concentration of 
dissolved PAC from the water and its transfer into pelagic and benthic food chains.
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OVERVIEW
The last 15 years have changed the understanding o f  oil toxicity mechanisms, in part 
achieved by num erous studies propagated by the Exxon Valdez oil spill in Prince W illiam  
Sound in 1989. A m ong the significant advances are better understandings o f  the 
persistence and long term toxicity of larger polyaromatic com pounds (PAC). which were 
previously thought to be of minor importance, com pared to the lighter, more volatile but 
narcotic 1 and 2-ringed aromatic hydrocarbons. PAC were reported to cause genetic 
dam age in fish, w hen early developmental stages were exposed to oil. Also, significant 
deposits o f  Exxon Valdez oil persisted on some beaches and continued to leak oil into the 
w ater for more than a decade after the spill. Concurrently w ith advances in oil toxicity 
studies, the relatively new field of phototoxicity received increasing scientific attention. 
The toxicity o f  specific polyaromatic hydrocarbons to various biota were found to 
increase up to 50 (X)0 fold w ith I 'V  radiation interaction. Phototoxicity o f  oil w as also 
reported for several crude and fuel oils under light regimes likely encountered by biota in 
their natural en \  ironment. Chapter 1 is separated into three sections; the first two discuss 
the singular effects o f  I 'V  radiation and oil on aquatic organisms, while the third section 
addresses advances in the field of  phototoxicity.
PA C tend to accumulate in bio-lipids because o f  their polarity. As an abundant 
com ponent of  the pelagic community w ith a high surface area to volume ratio and a high 
bio-lipid content, copepods may provide a significant pathway for the concentration and 
transfer o f  PAC to higher trophic level consumers. N eocalanas copepods are the most 
abundant taxon o f  the zooplankton and can constitute over 60 9c o f  the biomass during
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the spring and summer m onths in the G ulf  o f  Alaska and adjacent coastal regions. Many 
copepod species in polar and subpolar regions accumulate internal lipid stores o f  up to 60 
to >80 ‘7 of their body dry weight. As an adaptation to the seasonally fluctuating supply 
o f  phytoplankton, which is their predominant food source, the late copepodite stages 
accumulate large lipid reserv es during April to June in surface waters. Egg production 
and spawning can be delayed for several months and occurs at depth or during the spring 
ascent, tinted to insure food abundance for the offspring during growth and fat storage. 
The potential o f  Xeoealanus  copepods for accumulation and transfer o f  PAC and a 
possible correlation to total lipid content was investigated (Chapter 2).
Accumulated PAC may act as internal photoreceptors, causing photo-oxidation in 
surrounding tissue. We studied the synergistic effect o f  exposure to dissolved PAC 
(~2 |ig /L) from Alaska North Slope crude oil and ultrav iolet ( I 'V )  radiation in ambient 
day light to the copepods C alanus m arshallae  and M etridia okhotensis. These were the 
first phototoxicity tests with translucent organisms that are at risk o f  exposure to 
dissolved PAC and I 'V  radiation in Prince William Sound and the G ulf  o f  Alaska. 
Responses included mortality, impairment o f  swimming ability and discoloration of  lipid 
sacs. The interaction of  the effect o f  PAC and L V radiation was highly significant 
(P<0.005) in two experiments (Chapter 3). Further experiments were conducted to test 
the interaction effects of v arious concentrations o f  PAC dissolved from weathered Alaska 
North Slope crude oil and subsequent exposure to sunlight with and without the L’V-B 
com ponent to the copepods N eocalanus flem ingeri and N. p lum chrus  (Chapter 4). The 
results confirmed that phototoxicity is a linear function of  the product o f  light intensity
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and PAC concentration. The observed sensitivity o f  copepods to photoenhanced oil 
toxicity may have implications for the role of copepods in the transfer o f  hydrocarbons to 
other trophic levels: local populations could be subject to increased mortality if oil 
exposure is accom panied by or followed by sunny weather. This would cause food 
depletion for zooplanktonivorous fishes and may introduce PAC to the benthic food chain 
through sedimentation o f  dead copepods. The resulting reduction o f  energy flow from the 
primary production to higher trophic levels may have adverse effects on commercial 
fisheries.
An attempt was made to assess the toxicity of oil to copepod reproduction 
(Chapter 5). The feasibility of culture experiments to com pare  egg production rates and 
survival o f  oiled and unoiled female Calanus m arshallae  and P seudocalanus  spp. 
copepods was investigated. However, egg production rates varied greatly between 
females and between subsequent days. From these pilot experim ents I concluded that the 
sample size needed to detect a significant difference betw een egg production of oiled and 
unoiled females was larger than could be obtained with the available methods.
W hile this research has demonstrated that copepods could potentially provide a 
m echanism  for the concentration o f  dissolved PAC from the water and its transfer into 
pelagic and benthic food chains, the research does not attempt to assess the magnitude of 
this pathway. The retention time of  oil in copepods and how dietary uptake o f  copepod- 
accum ulated PAC affects predators remains to be investigated.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 1
THE SYNERGISTIC TOXICITY OF POLYAROMATIC HYDROCARBONS 
(PAH) FROM OIL AND ULTRAVIOLET (UV) RADIATION FROM SUNLIGHT 
TO AQUATIC SYSTEMS : A REVIEW
Switgard Duesterloh. Juneau Center School o f  Fisheries and Ocean Sciences. University 
of  A laska Fairbanks. 11120 Glacier Highway. Juneau. Alaska 99801. USA
Prepared in the format of  the Journal o f  Plankton Research
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ABSTRACT
Polyaromatic hydrocarbons (PAH) are common contaminants in aquatic systems, otten 
introduced by human activities e ither  as pulse perturbations (large oil spills) o r  press 
perturbations (chronic contamination at low levels). The toxicity of  PAH to various biota 
is increased manifold by co-exposure to ultraviolet (L'V) light. Significant advances of 
the past 15 years in the study of  oil toxicity mechanisms and I 'V  radiation impacts and 
the synergistic effects manifested in phototoxicity are summarized. This review tocuses 
on research concerned with plankton and fish and those studies concerned with their 
physical environment. In addition, advances in explaining the chemical reactions 
involved in phototoxicity are included.
INTRODUCTION
The importance o f  investigating effects o f  photoenhanced toxicity w as recognized in an 
early review o f  effects of near I 'V  radiation (300-400 nm) on the toxicity o f  PAH in 
animals and plants (Arfsten et al.. 1996). Included were studies on protozoans, 
cladocerans. insects, benthic invertebrates, aquatic vertebrates, plants and mam m als. 
While many studies on terrestrial animals reported carcinogenic properties o f  PAH. 
which caused primarily skin dam age, higher risks of  phototoxicity in aquatic systems 
were suspected because o f  the immersion of  the organisms in the dissolved PAH. In this 
review I focus on studies o f  aquatic organisms and populations, particularly zooplankton 
and fish, conducted in the past 15 years. It is not inclusive but summarizes m ajor 
contributions to the understanding o f  phototoxicity o f  PA H  in aquatic systems. Aquatic
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organisms that are exposed to oil and sunlight experience not only the potential risk of 
phototoxicity but also the potential risk of  toxicity o f  either o f  these factors alone. In 
order to address this point, the review is separated into three sections, o f  which the first 
two discuss the singular effects o f  L’V and oil. while the third section addresses advances 
in the field o f  phototoxicity. First, the toxic effects o f  oil on aquatic organism s and their 
populations are summarized. This research, that was motivated by the Exxon Valdez oil 
spill (EVOS) in Prince W illiam Sound. Alaska, has changed the perception o f  the relative 
toxicity of  lighter and heavier aromatic compounds in oil. In addition, the scarce 
literature on oil effects on copepods is revisited. Secondly, the intensity and penetration 
o f  L'V radiation in the w ater column and the effects o f  L'V exposure to aquatic life forms 
are reviewed. It becomes evident that our understanding o f  the relation of spectral 
bandw idth and damage to organisms is still incomplete. Finally, an overview o f  advances 
in the field o f  phototoxicity since 19% is presented.
The effects of oil pollution on aquatic populations
The reaction of  the shoreline ecosystem to major hydrocarbon pollution w as the focus of 
a recent review of studies motivated by the EVOS (Peterson 2001). Peterson reviewed 
acute, indirect and chronic effects, particularly those related to shoreline oiling and 
cleanup activities. Acute effects included the direct killing and injury o f  organisms along 
oil polluted coastlines that resulted in changes in species abundance and community 
structures. In the intertidal, blue mussels and five other bivalve species were identified as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ecological key species because: 1 > particulate oil is concentrated during filter feeding, 
and. 2) their importance in the diets o f many invertebrate and vertebrate species 
("universal prey"). Mussel beds can retain and reintroduce largely unweathered oil to the 
surrounding environm ent for many years after the spill (Babcock et al.. 1996: Carls et al.. 
2001). Another important factor affecting the recovery of  inter-and subtidal ecosystems is 
the damage and removal of macroalgae and eelgrass. These plants provide >helter for a 
number o f  invertebrate species and their presence or absence changes the structure ot the 
microhabitat. It is not surprising that a decline in algae cover and a decline in invertebrate 
abundance in the same areas occurred simultaneously. Peterson (2001) pointed out that 
an oil spill is both a pulse perturbation with subsequent recovery as well as a pres> 
perturbation w ith chronic and recurring contamination. Also, the shoreline habitat is an 
open system w ith effects being imported from and exported to adjacent systems. 
Secondary and lingering effects to fish, marine mammals and birds are difficult to assess. 
However, no evaluation o f  pelagic systems and the role o f  zooplankton was made 
( Peterson 2001).
Another review focused on studies related to impacts of  the EVOS to pink salmon (Rice 
et al.. 2001). The importance of  secondary and lingering effects o f  oil in the environm ent 
was stressed, particularly where remnant oil pockets caused persistent chronic 
contamination. Results o f  conventional LC<„ tests with juvenile fish indicated only mild 
acute toxicity of  oil to these most sensitive life stages, but toxic effects o f  oil to aquatic 
populations were suggested to be largely underestimated because delayed effects were
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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not accounted for (Heintz et al.. 2000). While conventional tests detected the toxicity o f  
the lighter fractions o f  oil that readily evaporate (benzene, toluene, ethylbenzene and 
xylene (BTEX)). long term effects of the larger PAH were not detected. Pink salm on 
em bryos that were incubated in more weathered oil during developm ent had higher 
mortality than those incubated in less weathered oil (Heintz et al.. 1999). This suggests 
that mortality was due to the toxicity of larger PAH rather than the narcosis mechanism  
that causes the toxicity of  the lighter fractions of  the oil. In Pacific herring, exposure of 
eggs to 0.7 ppb aqueous concentration of  Prudhoe Bay crude oil increased occurrence of 
malformations, genetic damage, mortality, decreased size and inhibited swimming (Carls 
et al.. 1999). possibly contributing to the population decline of Prince William Sound 
herring three years after the oil spill (Carls et al.. 2002). As a result o f  these studies a 
revision of water quality standards for fish rearing habitats in Alaska from currently 15 
ppb to 1 ppb w as suggested (Rice et al.. 2001).
Oil effects on zooplankton
Despite earlier research documenting that copepods accumulate hydrocarbons through 
the water soluble fraction o f  oil. oil droplets and through their diet, and may pass these 
accumulated hydrocarbons on to their predators (Corner 1975). effects o f  oil on 
zooplankton were not studied in the aftermath o f  the EVOS. Corner (1975) is also the 
only published source o f  data on depuration o f  oil by copepods over time. In an 
experiment w ith :4C-labelled naphthalene, over 90 <7r of  the radioactivity originally 
absorbed from solution by females of the estuarine species Eurytem ora affin is  was lost
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after 6 days. Even so. this treatment with the hydrocarbon reduced lifespan and egg- 
production o f  the females by about 25 r r. Further, when nauplii were treated in the same 
way. about 1 o f  the radioactivity originally present was still detected in the copepods a 
month later w hen they had become adults. Further experiments w ith Calanus 
helgolandicus  studied dietary uptake of naphthalene by offering dead nauplii o f  Elm inius  
m odestus  as prey. Thirty percent of the hydrocarbons were released w ithin 24 hours, 
either unchanged or in the form of metabolites. However, all references are to 
unpublished experiments, so that an in depth review of procedures and data collection is 
not possible.
Experiments to compare changes in the plankton community o f  an untreated enclosure 
with those o f  an enclosure, to which No 2 fuel oil was added at a concentration of 50-60 
ppb (m easured by two methods) were conducted (Lee et al.. 1977). The initial 
concentration declined rapidly over the course of the 19 day experiment. No major 
changes in the zooplankton standing stock were observed and a possibly reduced grow th 
rate in Pseiulocalunus m inutus was attributed to the size shift from larger diatoms to 
smaller flagellates in the phytoplankton prey.
Possible exposure and uptake mechanisms of  oil in zooplankton and effects on 
reproduction o f  copepods w ere reported (Capuzzo 1987). Acute toxicity o f  oil to 
copepods was reported at concentrations o f  10 ppm (Spies 1987). However, the problem 
of assessing the impact o f  petroleum pollution on plankton in the field was considered
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extrem ely difficult and impacts were believed to be minor and o f  short duration in 
com parison to those on benthos (Spies 1987).
The toxicity o f ultraviolet light to aquatic organisms
O zone depletion  and L'V-B
The observed depletion o f  stratospheric ozone and the subsequent increase in L'V-B 
radiation at the earth's surface has propagated numerous studies on the toxic effects o f  
L'V-B exposure at increased levels (Smith and Baker. 1979). An overview o f  effects of 
these changes to aquatic systems is given by Worrest (1986) and an overview o f  studies 
concerning L’V radiation in arctic ecosystems was recently published (Hessen 2002). 
Ozone depletion in the earth's stratosphere has manifested seasonal ozone holes over the 
Antarctic and the Arctic, causing increased L'V-B radiation at the ocean's surface in these 
regions. The seasonal variations in ozone layer thickness are more pronounced at the 
poles than at lower latitudes (Frederick et al.. 1989). The intensity of L'V-B radiation at 
the earth 's  surface depends on absorption and scattering of solar radiation w hen it moves 
through the atmosphere but also on solar zenith angle, cloud cover and other particulate 
matter such as pollution in the atmosphere (Frederick et al.. 1989). As a result o f  solar 
angle, the L'V-B radiation at high latitudes is roughly halt the maximum daily amount 
reaching temperate and tropical latitudes (Smith, 1989). Thus, the effective UV-B 
intensity may vary greatly depending on season, weather and geographical location.
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U V penetration in water
L'V-B radiation causes dam age to fish larvae and juveniles, shrimp larvae, crab larvae, 
copepods and plants all o f  which are essential to the aquatic food web (W orrest 1986: 
Brownian and Vetter. 2002). The extent of direct dam age to aquatic organism s depends 
on the L'V-B attenuating properties o f  the water and the L'V avoidance or protection 
mechanisms o f  the organisms. Penetration depth o f  UV radiation in w ater is a function of  
dissolved organic carbon (DOC), humic substances, suspended particulates, algae and 
total chlorophyll content (Barron et al.. 2(XX)). In freshwater. L’V penetration varies 
greatly between eutrophic and oligotrophic lakes (Williamson et al.. 1994): (Zagarese et 
al.. 1997).
Models were developed to assess the penetration o f  light, particularly L’V-B. to depth in 
aquatic habitats. A model was developed to allow a quantitative calculation of  the 
penetration o f  L’V-B (280-340 nm) and of biologically effective dose-rates (to DNA) as a 
function of  depth into various ocean water types (Smith and Baker. 1979). Several 
measurements o f  ocean water at different geographical locations were taken into account 
to derive attenuation coefficients. Further. UV-B penetration was calculated for three 
different ozone layer thicknesses showing differences in daily exposure time intervals, 
and intensity. The outcome o f  the model depends largely on the biological weighting 
function (i.e.. what one defines as "biologically effective").which considers the 
wavelength dependency o f  biological action (Smith and Baker. 1979). In a comparison 
with dosage-response results on anchovy larvae (Hunter et al., 1979). Setlows DNA
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action spectrum (Setlow 1974) was chosen for the biological weighting function. A 
proportional increase of  L'V-B radiation at the surface resulted in an approximately 
similar proportional increase in L’V radiation at all depths. Also, the effective DNA 
attenuation depth was approximately 6 m in the clearest ocean waters and about 2.5 m in 
moderately productive waters containing average amounts o f  dissolved organic matter.
Prediction o f  the effects o f  L’V-B on aquatic populations has been difficult and estimated 
effects range from insignificant to detrimental (Smith 1989). Population effects depend 
on many physical and biological variables including, but not limited to. natural variability 
between taxa o f  aquatic organisms, their developmental stages and their reproduction 
rates, interaction with their physical and biological environment, behavioral responses 
and variations in effective L’V-B radiation. In addition to the biological weighting 
function an amplification factor was recommended, which considers that a decrease in 
ozone layer thickness may have a much higher biological effectiveness (Smith 1989). 
Ozone decreases o f  10 ("c resulted in an increase in effectiveness (D N A  action spectrum) 
by 28 r <. Ozone decreases by 20. 30 and 40 cr  are calculated to result in increases in 
biological effectiveness by 67. 125 and 213 <*\ respectively (Worrest 1986). Biological 
effectiveness also depends on mixing o f  the water column and the behav ioral response to 
it. Mixing, or lack of mixing, can change the exposure o f  aquatic organisms to both UV- 
B and photosynthetically available radiation (PAR) by several orders o f  magnitude 
(Smith and Baker, 1979).
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Solar spectral irradiance (SSI) in five different habitats, two marsh ponds, a shallow 
wetland, an estuary’ lagoon and the intertidal area o f  a high-energy sandy beach, was 
measured with either a scanning spectroradiometer (SSR) or a broadband radiometer 
(BBR) (Barron et al.. 2000). Simultaneous measurements were taken at the surface o f  the 
estuary lagoon and used in instrument calibration o f  the BBR measurements. Water- 
quality parameters provided a general characterization o f  conditions but were not 
quantitatively associated with light attenuation. Because of  wavelength-specific 
attenuation o f  solar spectral irradiance. ratios o f  visible light. L'VA and L'VB intensities 
will not be constant with changing water depth. Thus, habitat-specific measurements or 
estimates of  SSI and UV-B are needed. At a depth o f  I m. SSI at the water surface can be 
reduced greater than 9 9 r r. But even at these levels o f  attenuation L’V was sufficient to 
induce photoenhanced toxicity of a weathered oil to the tidewater silverside (Little et al.. 
2000).
Phxioplankton
Possibly the highest influence on global productivity would be caused by L’V- induced 
growth reduction in marine phytoplankton. Exposure to LV-B at levels currently incident 
at the ocean’s surface decreases algal productivity (Bothwell et al.. 1994; Worrest 1986; 
Smith 1989). UV-B induced disruption o f  photosynthetic processes can include the 
electron transport system. photosystem-II reaction centers, pigment stability and DNA 
dam age ( Bothwell et al.. 1994). For example. UV-B exposed cells o f  Tetruselmis sp. 
changed production of  pigments (e.g.. carotinoids) and fatty acids (Goes et al.. 1994).
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However, recovery from the stressful effects o f  UV-B occurred when the organisms were 
transferred back to control conditions. Despite inhibiting effects o f  UV-B on 
phytoplankton growth, ecosystem effects may be contrary, when higher UV sensitivity to 
the predator population reduces grazing pressure on the phytoplankton (Bothwell et al..
1994).
UV exposure experiments with Antarctic plankton were conducted in the austral spring 
(Novem ber-Decem ber) o f  1987 (Bidigare 1989). Antarctic phytoplankton, like other 
phytoplankton found at lower latitudes, are susceptible to long-term exposure effects of 
UV radiation. Drastic changes in pigmentation were observed in seawater samples after 
exposure to ambient light levels, and a selective loss of  chlorophyll-a was observed with 
increasing UV dose. In contrast to the results obtained with the 24 and 48 h experiments, 
short-term (4 h) exposure of  ice algae to UV radiation produced no significant changes in 
the concentrations o f  chlorophyll-a. chlorophyll-c and fueoxanthin. However, these 
results were preliminary since accurate dosimetry with respect to the downward spectral 
irradiance o f  UV-B was missing. Despite these findings Antarctic phy toplankton 
probably receive extremely low UV doses during austral spring, due to their distribution 
(1) w ithin or at the base of annual sea ice. (2) under the ice. and. (3) in poorly stratified 
water north o f  the annual sea ice (Bidigare 1989).
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Zooplankton
Acute exposure of  marine invertebrate zooplankton to L'V radiation in the near-surface 
layer reduces survival and sublethal levels may reduce fecundity (Worrest 1986). In 
freshwater, solar L’V radiation has long been suspected to influence the distribution of 
zooplankton (Zagarese et al.. 1997). The vulnerability of  three copepod species o f  the 
genus Boeckella  to L'V-B was compared (Zagarese et al.. 1997). Three basic mechanism s 
to cope w ith harmful levels o f  L'V-B radiation determined vulnerability: avoidance (e.g.. 
vertical migration) and photoprotection (e.g.. pigmentation) served to minimize exposure, 
while photorepair aided recovery from photoinduced damage. The three copepod species 
were collected from three lakes w ith differing depths and transparencies and 
subsequently incubated in the most transparent lake for 70 h at 50 cm  depth. Each species 
had a dark control, a quartz treatment ( full light spectrum) and a Mylar treatment (to 
exclude L'V-B). Mortality in dark controls was low. Mortalities in the quartz and M ylar 
treatments were high for the transparent species Boeckella ^racilipes. and lower to r  the 
pigmented species B. \>ibbosa and B. brevicaiulata. Exposures to artificial L'V-B 
radiation returned a similar pattern, showing that B. gracU'ipes was more than an order ot 
m agnitude more sensitive than B. bre\icaiu la ta . W hen exposed to artificial L’V-B 
radiation in the presence of visible light, mortality o f  B. xracilipes  w as similar, 
suggesting little or no photorepair capacity in this species. For both other species 
mortality was lower in the presence of  visible light than w ithout.
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Enclosure experiments with zooplankton communities at various exposure depths in an 
oligotrophic and an eutrophic lake were conducted under in situ light levels for 3 days 
(W illiamson et al.. 1994). No effect o f L'V-B radiation on the zooplankton com m unity  in 
the eutrophic lake at the shallowest depth (20 cm ) was found. This corresponded w ith 
L’V-B measurements, which had total attenuation o f  L'V-B in the top 10 cm  in this lake. 
However, in the oligotrophic lake L’V-B related mortality and reduction of  fecundity was 
observed for the copepod Diaptomus to the maxim um  tested depth o f  6 m. Survival o f  
two cladoceran species increased w ith depth in both the L’V-B exposed and the L’V-B 
shielded treatments, suggesting that longer wavelength radiation (L’V-A) was a 
significant cause of  mortality in these Npecies. Survival was generally greater in the L’V- 
B shielded treatment. Current L’V-B levels may alter the vertical distribution and 
ecological interactions o f  some species in oligotrophic lakes, but may be a less important 
constraint in eutrophic lakes.
The effect o f  solar L'V radiation on hatching o f  the marine copepod Calanus 
fm m a rch icu s  was studied in the G ulf o f  St. Lawrence. Canada (Alonso Rodigruez et al.. 
2000). In experiments under different light regimes hatching success w as reduced in the 
presence o f  L’V radiation at exposure levels that naturally occurred in the region at w ater 
depths where eggs hatch. Under natural sunlight UV-A appeared to be more detrimental 
to C. finm arch icus  embry os than UV-B. While previous repons concentrated on the 
detrimental effects o f  L’V-B and proved that phytoplankton was sensitive to these short 
and energetic wavelengths, the latter two studies w ith zooplankton found detrimental
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effects in the L’V-A wavelengths (Williamson et al.. 1994: Alonso Rodigruez et al..
2000).
Fish
Few studies have been conducted on effects o f  ultraviolet radiation on fish. Northern 
anchovy iF n ^n u tlis  mordux) and Pacific mackerel (Scomber ja p o n ic u s ) were com pared 
w ith respect to the L'V effects on eggs and larvae (Hunter et al.. 1979). Eggs were 
exposed to different levels o f  L'V light and egg mortality was monitored. Hatched larvae 
were measured and investigated with respect to L'V induced abnormalities. Anchovy 
were more sensitive than Pacific mackerel. Irradiation induced lesions of the brain and 
eye caused marked dispersion of  pigment w ithin melanophores and retarded grow th and 
development in surviving larvae. A decrease in ozone by 25 c'r would result in a 
significant increase in lesions and retardation of  grow th in anchovy at the surface, and to 
3.5 meter depth at a 50 ci ozone reduction t Hunter et al.. 1979).
Atlantic cod eggs incubated at the surface and 50 cm depth had significant L'V-B induced 
mortality (Beland et al.. 1999). L V -A  did not exacerbate or mitigate L'V-B induced 
effects. No effects o f L'V-B exposure on the pigmentation o f  Atlantic cod larvae were 
observed. However, this result may have been due to small sample sizes, because only 
few larvae survived the experiments (Beland et al.. 1999). Atlantic cod eggs in the first 
meter of the water column were susceptible to L'V-B induced damage and mortality. 
Interestingly, either L'V-A or L'V-B alone was sufficient to cause a decline in vitality of
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eggs o f  the copepod Calanus finm archicus. while L’V-A alone had no negative effect on 
cod eggs (Brownian et al.. 2000). On the other hand. L’V-B produced a significantly 
greater negative effect on the cod eggs and mortality was strongly dose-dependent. A 
mathematical model that included the biological weighting functions, vertical mixing of  
eggs, meteorological and hydrographic conditions, and ozone depletion, indicated that 
L'V-induced mortality in the C. finm archicus  egg population could be as high as 32.5 r r. 
w hile the impact on the cod egg population was no more than 1.2 r r. Despite these results 
L'V effects in the natural environment might usually be overshadowed by other 
environmental factors, and only under a specific combination of conditions represent an 
important factor in controlling populations (Browman et al.. 2000).
Photoenhanced toxicity of PAH
P hototoxicity m echanism
W hile the mechanisms involved in phototoxicity are still being studied, several studies 
have demonstrated photosensitization rather then photomodification to be the primary 
mechanism o f  phototoxicity to animals (Bow ling et al.. 1983; Allred and Giesy. 1985; 
Ankley et al.. 1994; Pelletier et al.. 1997; Barron et al.. 2002). Photomodification is the 
light induced alteration of  the dissolved chemical into a more toxic com pound with 
subsequent uptake by the test organism. The postulated mechanism o f  photosensitization 
is absorption of a photoreceptive chemical into the organism which subsequently acts as a 
photoreceptor (Landrum et al.. 1987; Small et al.. 1967). Light energy excites the
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photosensitizing chemical to a triplet energy state, which may then transfer energy to 
molecules w ithin the cell or cell membrane, possibly generating reactive oxygen species 
( Landrum  et al.. 1987). Energy transfer can occur w hen the excited state energy o f  the 
photosensitizing chemical (e.g.. PAH) exceeds that o f  an acceptor molecule such as 
oxygen which has a lower excited state energy (Zepp 1980). In particular, highly reactive 
singlet oxygen can be produced by spin-exchange w ith an excited triplet-state PAH 
(Turro 1987). The reactive oxygen species (e.g.. singlet oxygen) can then cause tissue 
dam age such as lipid peroxidation that would not be observed in the absence o f  L'V 
( Livingstone 2001). An example for a reactive mechanism of photoenhanced toxicity 
involving lipid peroxidation was disruption o f  mucosal cell membrane function and 
integrity in fish gills (Weinstein et al.. 1997). In contrast to the photosensitization 
m echanism , photomodification involves transformation of a chemical in the exposure 
water to a more toxic product, for exam ple, photo-oxidation of  phenanthrene to a 
hydroquinone. Studies demonstrating photomodification as the mechanism of 
photoenhanced toxicity of PAH have been limited to relatively high concentrations (2000 
pg /L ) o f  single compounds in the duckw eed Lenina i>ibba (Huang et al.. 1995) and 
phytoplankton (Marwood et al.. 1999: W iegm an et a).. 1999).
Identification  o f  phototoxic PAH
A dose-response relationship for both anthracene concentration and solar radiation 
intensity in experiments w ith the cladoceran D aphnia pulex  w as discovered and 
photosensitization was identified as the m echanism  o f  phototoxicity (Allred and Giesy.
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1985). C hronic  effects o f  photoenhanced toxicity of  anthracene on D aphnia m anna  
reproduction were reported (Holst and Giesy. 1989). Growing awareness o f  the problem 
of enhanced toxicity of  chemicals including PAH under the influence o f  sunlight from 
these and o ther studies (e.g.. Oris and Giesy. 1987) propagated the need to distinguish 
phototoxic from non-phototoxic PAH and establish parameters to aid in predictions about 
the phototoxicity of  untested chemicals. A predictive structure-to.xicity model w as 
developed based on the phototoxicity o f  20 PAH to Daphnia nuinna  (Newsted and Giesy. 
1987). In a curvilinear model, lowest triplet energy was an effective predictor for both 
LT<„ and LC<„ values adjusted to a constant PAH concentration in a parabolic relationship 
(Newsted and Giesy. 1987).
Another model to classify chemicals according to their phototoxic potential was based on 
calculated rather than measured structural properties (M ekenyan et al.. 1994; Veith et al..
1995). The best descriptor to identify phototoxic from non-phototoxic chemicals was the 
energy difference between the highest occupied molecular orbital and the lowest 
unoccupied molecular orbital (HOM O-LL'MO) gap. Aromatic chemicals that are 
phototoxic in sunlight have HOM O-LL'M O gap energies between 6.7 to 7.5 eV. 
Generally, substituents had little influence on the phototoxicity of  the parent compound. 
Recently, a different model improved the agreement of  similar calculations with 
experimentally obtained singlet state energies over those results obtained from the 
HOM O-LL’M O  gap approach (Betowski et al.. 2002).
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The three-dimensional nature o f  the relationship betw een the tissue concentration o f  the 
phototoxic PAH. light intensity, and the exposure duration was investigated with the 
benthic oligochaet Lum briculus variegatus (Ankley et al.. 1995). Phototoxicity o f  
sediment-associated PAH to these invertebrates had been demonstrated in a previous 
study (Ankley et al.. 1994). The general applicability was supported for the Bunsen- 
Roseoe law . w hich states that in the absence of other "com plicating" side reactions, the 
product o f  light intensity and reaction time is constant for a fixed concentration o f  the 
sensitizer (PAH) (Ankley et al.. 1995). New water quality standards that take 
phototoxicity into account should consider that the local light regime is of equal 
importance as the concentration dependency of the phototoxic substance itself. Based on 
the theory that phototoxicity could only occur when the wavelengths present in the 
exposure overlap w ith the absorption spectrum of a specific PAH. three single com pound 
PAH were tested with various light filters, which altered the L'VA intensity but not the 
spectrum (Diamond et al.. 2000). The results confirmed that differences between different 
light filters would be greatest in those PAH w here differences between the filters affected 
the absorption spectrum most. This approach improved predictions of  phototoxicity of  
specific compounds over calculations using total UVA intensity.
Phototoxicity o f  crude and  fu e l  oils
All previous investigations focused on the phototoxic properties of single com pounds and 
w ere conducted with freshw ater species. The comparative toxicity o f  three single 
compounds (anthracene, flouranthene. pyrene). and four crude oils (Fuel Oil #2. Arabian
36
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Light Crude. Prudhoe Bay Crude. Fuel Oil #6) to larv ae and juveniles of  the bivalve 
M ulinia la teralis, and juveniles of  the mysid shrimp M ysidopsis baliia was investigated 
(Pelletier et al.. 1997). Fresh crude oil -water mixtures were used. Phototoxicity occurred 
to marine species, and phototoxicity o f  petroleum products increased w ith their relative 
content o f  multiple aromatic ring structures (i.e.. lighter crude oils were least phototoxic. 
heavier crude oils were more phototoxic).
W ater collected from the Guadalupe oil field (California) was phototoxic to the mysid 
shrimp M ysidopsis baliia (Cleveland et al.. 2000). An attempt was made to simulate field 
lev els o f  sunlight exposure by first recording measurements o f  solar ultraviolet and 
visible light in the v icinity of  the oil collection site, then using similar light exposure 
doses in the experiments. Mortality and growth reduction in the test organisms were 
observed at concentrations that were representativ e o f  expected concentrations of  
weathered oil and solar radiation at the study site. The phototoxicity o f  weathered oil 
might be higher than that o f  unvveathered oil due to the larger relative amount of multiple 
aromatic ring structures.
The potential for photoenhanced toxicity in Prince William Sound. Alaska and the Gulf 
o f  Alaska w as assessed (Barron and Ha'aihue. 2001). The light regime in the study area 
was evaluated: UV radiation was sufficient to eause photoenhanced toxicity at PAH 
concentrations that are likely after a spill event and may have been instrumental in 
resource dam age observed in the aftermath o f  the EVOS. This resulted in an in-depth
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study o f  possible sensitivity of  eggs and larvae o f  Pacific herring to phototoxicity o f  
aqueous phase and chemically-dispersed weathered Alaska North Slope crude oil (Barron 
et al.. 2002). Toxicity increased with increasing concentrations o f  total PAH as well as 
solar intensity. While UV-A radiation alone caused significant phototoxicity, effects were 
greater if short exposures in natural sunlight were added. H owever, w hether this was due 
to the L'V-B com ponent in sunlight or the higher L’V w avelengths could not be discerned. 
Dispersants did not increase direct toxicity if equivalent total PAH concentrations in 
tissue w ere compared. However, bioaccumulation o f  oil into tissue o f  herring larvae w as 
increased especially at the higher dispersant concentrations tested, causing direct toxicity 
o f  oil and phototoxicity to occur sooner than in oil-only exposures.
The observation of detrimental effects of low concentrations o f  PAH in the environment 
under the influence o f  sunlight has shifted research focus from large oil spill events 
(pulse perturbation) to recurring small scale contamination (press perturbation), 
especially in sunny, highly populated areas. Phototoxicity o f  PAH in freshwater lakes 
introduced by increased recreational use of  two-stroke m otorized watercraft was recently 
studied in Lake Tahoe. California/Nevada (Oris et al.. 2002). Significant mortality in 
zooplankton (C eroduplm iu dubiu) and 46 c/c reduction in grow th o f  tish larvae 
(P im ephules prom elus)  were observed during two successive experiments in the sum m er 
o f  1997. PAH concentrations in the lake were correlated with boating activity and 
phototoxicity as well as direct toxicity (reduced C eroduphnia  reproduction) were 
correlated with the concentration of contaminants. As a result, the Governing Board o f
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the Lake Tahoe Regional Planning Agency passed a ruling that banned the use o f  
carburated 2-stroke engines from Lake Tahoe Basin effective June 1. 1999 (Oris et al.. 
2002).
CONCLUSION
Photoenhanced toxicity o f  oil is a function o f  numerous inter-playing variables: 
a) the composition of  the oil: b) the specific spectral composition of  sunlight and its 
energetic implications: and. o  PAH concentrations in tissue and light intensity. Each 
variable is subject to numerous influencing factors, which each in itself are subject to 
ongoing research efforts directed at understanding the mechanisms, w hich ultimately 
define the nature and degree of  the observed toxic effects.
Traditional assays of the toxicity of oil were conducted w ith fresh oil. w hich in 
comparison to weathered oil has more lighter fractions (benzene, toluene, ethylbenzene. 
xylene). These lighter compounds are more volatile and cause higher immediate toxicity 
through a narcosis mechanism. In short-term toxicity tests the heavier fractions o f  the oil. 
w hich contain more aromatic ring-structures and are more persistent, caused little effect 
on the test organisms and were thus considered to be o f  minor toxicity. Within the last 
decade of studies on oil toxicity this view has changed: long term studies found that 
toxicity increased w ith the number o f  ring structures o f  the molecules: thus w eathered oil 
with a higher proportion o f  multi-ring structures w as more toxic than unweathered oil. 
with a lower proportion o f  the heavier compounds. The mechanism responsible for the
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toxicity o f  multi-ring PAH was the destruction of DNA. and to a lesser degree, other 
biomolecules. At the same time, larger PAH were more persistent in the environment, 
leaching bioavailable contaminants years after an initial pulse perturbation.
In context w ith the study o f  photoenhanced toxicity, these persistent PAH had the 
structural properties to enable catalysis o f  tissue damage by absorption and 
transformation of solar energy. The advancing resolution o f  the structural properties of 
some known phototoxic PAH resulted in the publication of  absorption spectra. These 
indicate not only that the inherent phototoxic potential o f  PAH depends on the molecular 
structure, but also that every molecule has a specific spectral region in w hich it can be 
activated. Thus, a photosensitizing molecule in an organism may be latent until the 
specific activating wavelength is encountered and initiates the phototoxic reaction.
The damaging influence of  L’V radiation, particularly the shorter wavelength L'V-B 
radiation (280-340 nm). received considerable attention after the discovery o f  the 
decreasing trend of ozone content o f  the earth’s stratosphere and the correlated increase 
in UV-B transmittance. Sensitivity to increased levels of UV-B radiation was found in 
virtually all biological systems, from primary producers to sensitive life stages of 
vertebrates and plants. Fundamental changes in productivity were predicted for some 
ecosystems, while others were believed to be relatively buffered from harmful UV-B 
penetration. However, phototoxicity has been observed with the exclusion o f  UV-B 
radiation, suggesting that the lower energy contained in longer wavelengths is sufficient
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to catalyze the chemical reactions involved. Nevertheless, g rea ter phototoxic effects of 
oil to fish were observed, when both L’V-B and L’V-A were used, indicating a possible 
inter-play o f  the different light spectra.
Phototoxic effects are a product o f  total PAH concentration in the test organism and 
exposure light intensity. In aquatic organisms w ith rapid m olecular exchange over the 
outer surface or the gill tissue, accumulation of PAH is correlated w ith the total 
concentration of  the chemical in the water. The sensitivity o f  biological organisms may 
depend on metabolic pathways that place photosensitive chem icals  in more or less 
harmful positions. These sensitivities are apt to change over the course o f  a lifetime as 
detoxifying mechanisms develop (in fish and mammals) or chem ical composition 
changes (e.g.. increased fat storage in late stage copepods). The lipophilic nature of PAH 
favors tissues that are rich in bio-lipids for PAH deposition. O rganism s w ith large fat 
deposits may be less apt to immediate damage than those w hich deposit the toxic 
com pound in structural membranes, but accumulation potential may increase with fat 
content. Despite limited knowledge of the specific phototoxic com pounds, there is a 
consistent trend o f  increasing phototoxicity with increasing total PAH concentration in 
test organism tissue, indicating that measurement o f  total PAH concentration is a good 
substitute for phototoxic compound.
The past 15 years o f  research in phototoxicity have promoted our understanding of the 
chemical processes involved and our ability to predict the phototoxicity o f  specific
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compounds. Phototoxicity is o f  environmental concern in numerous aquatic systems at 
exposure levels present today. T he  first legal consequences o f  these findings were 
manifested in the ban of  recreational 2-stroke carburated motorcraft from lake Tahoe. 
However, knowledge about ecosystem  responses to increased PAH contamination or 
increased levels o f  L'V radiation is limited and may be the central aspect o f  ecological 
studies related to phototoxicity in the coming decades.
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BIOACCUM ULATION OF POLYAROMATIC COMPOUNDS FROM OIL  
RELATIVE TO LIPID CONTENT IN THE COPEPODS SEOCALASUS  
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ABSTRACT
The bioaceumulation potentials o f copepods for polyaromatic compounds (PAC) from 
aqueous solution in relation to total lipid content were investigated. N eocalanus 
fle m in ^e r i  and S ’. p lum chrus  were sampled from four locations in Prince W illiam Sound 
and the G u lf  o f  Alaska between mid April and early June and experimentally exposed to 
low concentrations (0.5 - 12 pg total PAC/L) o f  dissolv ed Alaska North Slope crude oil. 
Total lipid content, lipid class composition and tissue accumulation of PAC was 
analyzed. Accumulation of  PAC was passive and unselective. A positive correlation 
existed between total lipid content and bioaccumulation factors. In two samples with co ­
occurrence o f  the two Neoculam ts species, no difference in lipid content or composition 
between species was found. S ’eocahm us copepods may aid in the concentration and 
transfer o f  PAC from the water column to higher trophic level consumers.
INTRODUCTION
The increased use of fossil fuels inevitably increases the risk of accidental spills o f  oil 
into the marine environment. Since many polyaromatic compounds (PAC) are known to 
have carcinogenic properties (Arfsten et al.. 1996). the fate of PAC in the environment, 
sites o f  bioaccumulation, and identification o f  transport mechanisms are important. 
B ioaccumulation describes the augmentation o f  a substance in the tissue o f  an organism 
com pared to its concentration in the surrounding environment. Bioaccumulation factors, 
as reported in this study, describe the ratio o f  PAC concentrations in copepod tissue to 
that o f  the exposure w ater. Also discussed is the potential role of  copepods in transferring
52
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accum ula ted  PAC to higher trophic levels. Because of  the polar attraction o f  oil-derived 
P A C  to biogenic lipids. I hypothesized that copepods may accumulate dissolved PAC 
from  the water and that the concentration factor is correlated to the total lipid content. 
W hile  this correlation has been suspected (Com er 1975). chemical analysis o f  PAC 
concentrations in the exposure w ater, in tissue of  exposed copepods and corresponding 
lipid class analysis has never been presented.
T h e  congeneric and sympatric copepods S'eocalanus Jlemirii>eri and S . p lum chrus  
dom ina te  the macrozooplankton biomass of  the subarctic Pacific during spring and early 
su m m er (Miller 1988). and are an important component in the diet o f  many commercially  
im portant fish species (Cooney 1993). Perhaps as adaptations to the seasonality o f  high 
latitude systems, both species migrate vertically and accumulate large lipid stores during 
tim es o f  phytoplankton abundance in surface waters. Total lipid contents are am ong the 
highest measured in copepods and reach more than 80 r( o f  dry weight (this study) with 
an average o f  > 6 0 ^  during these months and consist predominantly of wax esters 
(Sargent and Henderson. 1986). These large wax ester stores are synthesized dc novo  by 
ca lano id  copepods. principally to fuel reproduction (Sargent and Henderson, 1986). 
G o n ad  development occurs in mid sum m er and fall, respectively, and spaw ning peaks in 
January  for S'. Jlem ini’eri and Septem ber for <V. plum chrus  at depths below 400 m (Miller 
and  C lem ons. 1988). Thus, large amounts o f  energy in the form o f  stored lipids in 
copepods  are available to surface feeding predators during April to June, and this food
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source then shifts to deeper layers of the water column for several months until lipids are 
diminished during gonad development and spawning (Sargent and Falk-Petersen. 1988).
Bioaccumulation o f  PAC by Neocalanus flem in ^er i  was investigated experimentally. 
Copepods were sampled between mid April and the end of June. 2001 and at different 
locations in Prince William Sound (PWS) and the G ulf of Alaska (GOA) to obtain test 
organisms that would vary in lipid content. While N. jlem in i’eri dominated the copepodite  
V size class in the spring, an approximately equal abundance of  ;V. Jlem ini’eri and .V. 
plum chrus  occurred in early June, and a species comparison was conducted.
METHODS
Four separate experiments with identical experimental designs were conducted between 
mid April and early June of 2001 at the Institute o f  Marine Science in Sew ard. Alaska. 
Copepods were exposed to three levels o f total PAC concentration in the exposure w ater 
(High. Low. Control) and then tested for PAC concentrations in their tissue. Each 
copepod sample consisted of  n = 10 specimens, and 3 replicates were collected from each 
exposure dose. With each experiment three replicate samples of  10 copepods each were 
collected and analy zed for lipid content. For experiments 1 - 4 Neocuhinus jlem in i’eri 
copepodite stage V (C V ) were used, experiment 4 was also conducted with N. p lum chrus  
CV.
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Sam ple collection
Zooplankton samples were collected with 200 p m  mesh, open ring nets, equipped with 
altered design cod ends to minimize breakage o f  setae, and towed from 50m  depth to the 
surface. All samples were collected in PWS and the G ulf o f  Alaska (Table 2.1) and 
kindly provided by researchers o f  the GLOBEC G u lf  o f  Alaska Monitoring Program 
cruises, diluted if dense, and kept at ambient w ater surface temperatures until processed. 
In the laboratory, storage, sorting and experiments were conducted in a constant- 
temperature walk-in chamber at 6 - 8 C. Copepods were pipetted into 1 ml culture wells 
for microscopic species and life stage identification and quickly transferred to beakers 
w ith 5 copepods per 50 ml beaker until the start o f  the experiment. Dry weight samples 
were immediately frozen and stored at -20 : C. The lipid samples from experiments 1 and 
2 were initially frozen at -80 C. Due to a temporary unavailability of  the super cold 
freezer, storage of  these samples and freezing o f  the samples for experiments 3 and 4 had 
to be moved to -20 C for about 7 weeks, before all samples were again stored at -80 : C. 
Freezing caused little damage to the lipids but prolonged storage at - 15=C did: rapid 
freezing followed by storage below - 70 :C is recom m ended (Ohman. 1996).
Species identification
S eo ca la n u s jlem in i’eri and /V. plum chrus  were identified using a microscope according to 
visual criteria (Miller 1988): living CV of t\f. j le m in i’eri bear patches of  bright red w hile 
N. p lum chrus  has a more red-orange pigmentation. In addition, the pigmentation o f  the 
first antaennae in N. Jlem ini’eri is restricted to the base of  the left antaenna. while N.
55
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p lum chrus  hears pigment in both antaennae (Miller 1988). However. I observed that 
pigmentation was variable, especially between samples from different locations and 
diminished under stress. I observed many individuals with no coloration in the first 
antaennae. The size of  the second maxilla was proportionately smaller in N. Jleminy>eri 
than in S . p lum chrus  and was used as an additional clue. Specimens that did not fit the 
criteria for either species were not used. To verify species identification by these visual 
criteria. 8 randomly chosen copepods of  each species w ere preserv ed and a scatter plot o f  
cephalosom e length against prosome length was plotted (see Figure 18. Miller 1988). 
From this I deduced that the error due to false species identification by visual criteria was 
< 15 '"f; small individuals of ,V. p lum chrus  can be mistaken for <V. Jlcm inceri if coloration 
is not distinct. In addition, a reference sample o f  10 - 20 specimens was preserved at the 
time o f  sorting and 2-3 randomly selected copepods were dissected for microscopic 
inspection o f  the ventral tooth o f  the mandibular gnathobase. which bears 4 - 5 teeth in ,V. 
Jlem infferi while only 2 - 3 teeth are present in N. plum chrus.
Oil exposure am i P A C  analysis
The Alaska North Slope crude oil was weathered by heating and overnight stirring at 80 
°C to 20 fr  weight loss, which removed most monocyclic aromatic compounds, then 
added to 2 and 3 m m  diameter glass beads at application rates of  2.6 g oil/kg beads and 
tumbled for approximately 24 hours. The oiled beads were spread to single layer and left 
under a hood for 4 days at 25 °C to allow the oil to harden onto the beads, and then were 
stored at - 20 °C until use.
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A detailed description of  the generating columns that produced the aqueous solutions of  
PAC dissolved from crude oil is provided in Duesterloh et al. (2002). For the low dose 
treatments, one generating colum n was filled with 100 ml 3 m m  diameter oil coated glass 
beads: for the high dose treatments 2 generating columns were filled with 100 ml o f  2 
m m  diam eter oil coated glass beads each and connected. In the control treatments the 
generating columns were filled with 100 ml of PAC-cleaned 3 m m  diameter glass beads. 
Fresh colum ns were constructed for each experiment, except for experiment 3. w hich was 
conducted in close succession with experiment 2 with the same columns. Prior 
experience indicated that there was no loss in total PAC concentration from the columns 
within 96 hours.
Seawater was directed from the laboratory supply line into an overhead tank of  
approximately 80 liter capacity. It was then pumped through a generating colum n 
containing glass beads at a How rate o f  5 ml/min into a 2 liter Erlenmeyer filtration flask 
in which the hose connector served as an overflow. Each column was Hushed w ith 
seawater for 22 hours before the peristaltic pump was activated and the How rate in all 
colum ns was adjusted to 5 ml/minute. The experiment was started w ithin 20 hours after 
activation o f  the pump, at which time 0.9 liter o f  the water in the Erlenmeyer flask was 
collected for PAC extraction and copepods were added to the remaining water volume in 
the flask. A small screen o f  330 p m  plankton mesh covered the outflow opening o f  the 
flasks to prevent loss of copepods. After 24 hours, copepods were collected and frozen
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(-20 CC) and 0.9 liter o f  the exposure water were extracted with dichloromethane and 
then frozen for later PAC analysis at the Auke Bay Laboratory (NM FS/N O AA ) in 
Juneau. Alaska.
Procedures for the quantitative determination o f  PAC in water and in tissues were 
described earlier (Short et al.. 1996). Seawater samples (0.9 liter) were extracted twice 
with 50 - 60 ml dichloromethane. Copepod samples (n = 10) were macerated in a glass 
grinder tw ice. each time w ith 1 ml dichloromethane. Dichloromethane extracts o f  the 
PAC were reduced in volume and exchanged with hexane over a steam bath, followed by 
fractionation and purification by alumina/silica gel chromatography. PAC were measured 
by gas chrom atography/m ass spectrometry (GC/MS) in the selected ion monitoring mode 
(SIM). PAC analytes included diben/othiophenes and polyaromatic hydrocarbons 
containing 2 - 5 rings, including the alkylated homologues listed in Table 2.2. A method 
blank, spiked method blank, and two reference samples were analyzed with each batch of 
12 samples to verify method accuracy, precision, and absence o f  laboratory introduced 
artifacts and interferences. Detection limits were determined experimentally (Gla>eret 
al.. 1981) for PAC and generally were 5 - 20 ng PAC/L seawater at the 95 ‘T confidence 
level. For tissues an 80 °ic confidence level was chosen. Concentrations below the 
detection limit were treated as 0.
To test w hether there was a difference between the start and end total PAC concentrations 
in the exposure water, a paired comparison t-test was conducted. In this test the variation
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introduced by possible differences between the experiments is eliminated by testing the 
mean difference and standard dev iation of the difference in concentrations between start 
and end rather than by pooling o f  the means of all start and all end concentrations.
Lipid  content and  com position analysis
With each experiment, a corresponding sample of three replicates o i  S'eocalanus 
flem in t’eri (n = 10) for lipid content and composition was measured. In experiments 3 and
4. lipid content and composition was also measured in S . plum chrus.
The lipid extraction method was modified from Christie (1982). The copepod sample was 
homogenized with 3 ml of  2:1 chloroform : methanol mixture. Twenty-five percent o f the 
total volume o f  0.88 cc KC1 in distilled water were added and after thorough mixing the 
top layer was discarded. After the addition of  25 cd  o f  the remaining volume of  1:1 
distilled w a te r : methanol and thorough shaking the mixture was allowed to separate. The 
purified lipid layer was volume reduced to 1 ml under nitrogen and 0.5 ml were dried and 
weighed. The remaining 0.5 ml were stored in a -20 'C  freezer until analysis for lipid 
class composition with the High Pressure Lipid Chromatograph (HPLC) equipped with 
an Evaporative Light Scattering Detector (ELSD).
For the calculation o f  the total lipid percentage, mean dry weights were obtained from 
separate, corresponding samples (3 replicates, n = 10 copepods). which were thawed, 
weighed, and dried at 60 ~C to constant weight (36 hrs). For experiments 1 and 2. dry
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weight samples could not be obtained from the same live sample because o f  limited 
numbers o f  ,V. jlem in i’eri. For experiment 1 . 1 assumed that the dry weight was similar to 
that o f copepods sampled in PWS tw o weeks later, and for experiment 2. dry weights 
from copepods sampled at the same time of  the month in a different location in the Gulf 
o f  Alaska were used. For experiments 3 and 4 dry weights were m easured from 3 
replicate samples of  n=10 copepods from the same live sample as the copepods  used in 
the exposures.
Bioaccm nulation Factors
Bioaccumulation factors (BAF) were calculated as follows (Barron 1994):
B x F _ PACr ,[m»/,c]*1000
P.4Cl lv ,[m '/Z.]
Note that in this equation, the tissue PA C concentration is weighted by the water PAC 
concentration. Tis*ue PAC concentrations are reported on a wet weight basis.
For each treatment, the BAF were regressed against the total lipid content o f  the 
corresponding copepod sample and the regression equation and correlation factors 
calculated (Figure 2.3).
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RESULTS
P A C  Exposures
The mean total PAC concentrations in the exposure seawater and their standard 
deviations (in parentheses) at the start and end of  the 24 hr exposures (n = 4) were as 
follows:
61
T PA C  concentration (pg/Liter) start end
High 10.98 (±3 .15) 11.05 (± 3 .3 7 )
Low 6.89 (±1 .95) 5.98 (± 1 .0 5 )
Control 1.25 (±1 .07) 0 .7 2 1± 0.35)
The paired comparison t-test at the 95 ‘e significance level resulted in no difference 
between start and end concentrations. Consequently, the mean value of start and end 
concentration was used in all subsequent calculations.
All control water samples had a distinctive PAC signature which w as identified as typical 
for creosote contamination. Total PAC concentrations ranged from 0.42 to 2.84 pg/liter 
and averaged 0.91 pg/liter. However, concentrations of individual PAC were at least 10 
times lower than experimental PAC concentrations (Figure 2.1). The background 
creosote signature in the test water originated most likely from old railroad ties and 
pilings w hich were lost into Resurrection Bay during the 1964 earthquake.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
62
In eopepod tissues, total PAC concentrations were approximately tw ice as high in the 
high dose compared to the low dose treatments. The variation between experiments was 
higher than in the water total PAC. As in the w ater samples. 3 - ring naphthalenes and 
monoaromatic pyrenes seemed to be accumulated in slightly higher proportions 
com pared to the other analytes. Small amounts of C - 2 and C - 3 naphthalenes and 
acenaphthene were present in the tissue controls, but these were near the method 
detection limits o f  the individual analytes at the small sample weights used.
The patterns of  concentrations of  individual PAC analytes in the exposure w ater and the 
corresponding eopepod samples are nearly identical, as would be expected for unselective 
and passive uptake (see for example Figure 2.1). A regression o f  total water PAC 
concentrations to total tissue PAC concentrations yielded a correlation coefficient ir> of  
0.58 (Table 2.1). The proportions of individual analytes were consistent between high 
and low doses and betw een experiments w ith the possible exception o f  3-ring 
naphthalenes and mono-aromatic pyrenes. which seemed to be present in slightly higher 
proportion in the high dose compared to the low dose.
L ip id  content and com position
There w as no consistent trend o f  increasing lipid content w ith sampling date. Lipid 
contents obtained w ith the gravimetric method ranged between 17 and 8 8 ^  o f  eopepod 
dry weight (Table 2.1).
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There was no difference in total lipid content [‘I ]  between co-occurring N. flem in g eri and 
.V. plum chrus:
G OA . May 16 Cape Cleare. June 1
A', flem in g eri 84.10 41.01
N. p lum chrus  84.64 40.21
On average, lipids were composed o f  84 ± 10.3 r( wax esters. 8 ± 7 c'c cholesterol. 9 ± 5 
*7 free fatty acids and no triacylglycerol (mean ± 1 standard deviation ((Figure 2.2). The 
difference m lipid composition between S . flem ingeri (N = 13. sampled at 3 locations, 
dates) and S . plum chrus ( N = 6. sampled at two locations, dates) was significant for the 
wax ester/cholesterol ester group and the cholesterols. but it was not significant, when the 
Cape Cleare samples were excluded from the test. Copepods o f  both species from the 
Cape Cleare sampling location had a significantly higher free fatty acid com ponent than 
those from the other sampling locutions (t-test. a  = 0.03). If copepods from the same
samples were compared, there was no difference between species.
S tatistical analysis
The regression equations o f  bioaccumulation factors (BAF) and total lipid content had a 
positive slope for the high and low dose treatments (Figure 2.3). These slopes were 
significantly different from zero (P = 0.59) in the high dose treatment but not 
significantly different from zero in the low dose treatment. In the control treatment, the 
correlation coefficient was low (r = 0.08). compared to r = 0.33 in the high and r = 0.46 in
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the low dose treatments. Plots o f  jackknife residuals against the predicted value showed 
no violations o f  regression assumptions in any of  the regressions.
D ISC ISSIO N
Bioaceumulation o f  dissolved PAC from the surrounding w ater by copepods was 
correlated to total lipid content. However, the positive linear relationship was significant 
only in the high but not in the low dose treatment. The correlation coefficients were 0.33 
and 0  46 for the high dose and low dose treatments, respectively, and reflect the large 
spread of the data around the regression line. In contrast, there was a poor correlation ( r = 
0.0S) and a slightly negative slope of the regression line in the control treatment. The 
similar slopes in the low and high dose regressions indicated that uptake occurred below 
saturation concentrations: BAF are expected to be constant at lower concentrations and 
decrease w hen saturation levels or lethal doses are approached. Lethal doses of  oil to 
copepods were reported at seawater concentrations o f  5 - 1 0  mg PAC/L (Spies 1987). In 
comparison. PAC exposure concentrations in this study were lower by a factor o f  1000. 
The formula for BAF considers both the exposure w ater concentration and the 
accumulated tissue concentration of PAC. BAF were not significantly different (t-test. 
alpha = 0.05) between the low and high dose treatments, while a significant correlation 
existed between water and tissue PAC concentrations. Consequently, higher tissue 
concentrations in copepods can be expected w hen PAC exposure concentration, lipid 
content, or both increase.
64
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The spread in the data is largely a result o f  variation in eopepod weights. Both the 
weights and the lipid contents varied greatly between sampling dates and locations. An 
assumed increase in lipid content o f  copepods between April and June w as not supported 
by data. However. Hopcroft ( University of  Alaska Fairbanks, unpublished data) observed 
that over all life stages. N. Jlem ingeri sampled in PWS in May were consistently heavier 
than those sampled in April. While the assumption of seasonally increasing total lipid 
content may hold true for a local population, differences between sampling locations in 
the study region were more pronounced. For example. Cape Cleare copepods were 
smaller (mean prosoma length 4.16 mm. N = 10) and only 20r r o f the dry w eight o f  PWS 
copepods (mean prosoma length 5.01 mm. N = 10). The great variation in weights and 
lengths was also reflected in datasets collected independently by researchers of  the 
G L O B E C  program (Chris Stark. University of Alaska Fairbanks, unpublished data). High 
interannual variation in dry weights and also in lipid free dry weights o f  N. flem itig eri in 
the G O A  and a rapid increase in stored lipid between May 8 and May IS. 1988 were 
reported earlier (.Miller. 1993).
The agreement in total lipid content and composition between co-occurring copepods o f  
the two N eocalanus species in this study indicates no energetic difference. In the 
assessment o f  oil spill effects on copepods and the role of copepods in the possible 
transfer o f  oil to higher trophic levels, the tw o species could be treated as one. How ever. I 
caution against the general conclusion o f  equal lipid content and com position  o f  the tw o 
species, because my conclusion is based only on two sampling locations and differences
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m ay exist in other geographical regions. Xeocalanus abundance shifted from exclusively 
.V. flem in g eri in spring to co-occurrance of ,V. flem ingeri and X. p lum chrus  in mid May 
and early June. This was in accordance with the reported life history analysis (Miller and 
C lem ons. 1988). Total lipid content in S. flem ingeri during May w as m easured and 
values ranged from 12 - 44 ac o f  dry weight (Miller 1993). W hile the low value was 
attributed to an early developmental stage, the high values were believed to be low 
com pared  to other years and calanoid copepods in general (Miller 1993). In comparison, 
total lipid content o f X. flem ingeri in this study ranged from 1 7 - 8 8  c'<. However, in the 
calculation of lipid content, a higher copepod dry weight results in a lower estimate of 
total lipid content. If copepod weight increased in the two weeks betw een collection of 
the lipid and dry weight samples for experiment l(see methods), the calculated low value 
o f  17 cc lipid may be slightly underestimating the true lipid content o f  this sample. 
Similarly, it is possible that the high value o f  88 r r is a slight overestimation. However, 
tw o additional samples o f  S', flem ingeri and X. plum chrus. obtained in the G O A  during 
M ay were in the 80 - 85 (r range. Lipid class composition of  co-occurring X. flem ingeri 
and X. p lum chrus  in this study was not significantly different. However, the ratio of wax 
esters to free fatty acids and tri-acvl-glycerides changes during gonad developm ent and 
egg production (Sargent and Falk-Petersen. 1988). Consequently, because o f  the 
differently phased life histories o f  the two species, a difference in lipid class composition 
m ight be expected during other times of the year.
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N eocalanus  copepods may provide an important mechanism for the transfer o f  dissolved 
PA C  from oil to higher trophic level consumers like fish. This research has demonstrated 
that N eocalanus. due to their large lipid stores, aid in the concentration o f  dissolved oil 
from  the water. Early research has identified copepods as relatively insensitive to oil 
com pared  w ith other plankton organisms (Capuzzo 1987). This insensitivity might be 
explained by the association o f  the oil derived PAC to the w ax esters in the lipid stores o f  
the copepods. w hich remain metabolically inactive until onset o f  gonad development and 
egg production. When freshly oiled plankton was fed to pink salmon, negative effects on 
grow th and survival o f  the fishes were observed (Carls et al.. 1996). The retention time of  
passively accumulated oil from aqueous solution in copepods remains to be investigated.
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Figure captions
Fig. 2.1: Concentrations o f  PAC analytes in exposure seawater ( N=2) and eopepod tissue 
(N=3) on a dry weight basis in experiment 2. Grey bars indicate concentrations in the 
High and Low dose treatments: black bars are concentrations in the respective controls. 
Categories on the X-axes are the PAC analy tes listed in Table 2.2 in sequential order 
from left to right.
Fig. 2.2: Proportions of the major lipid classes in N eocalanus flem ingeri (N = 15) and A'. 
p lum chrus  (N = 6 ) .  Bars depict standard deviations. See text for discussion ot the 
significance of  the difference between species. WE/CE = Wax Esters. Cholesterol Esters; 
T A G  = Tri-acy 1-glycerides: C H O  = Cholesterol: MON = Mono-acy 1-glycerides; FFA - 
Free fatty acids. PE = Phosphatidy l-ethanolamine: PC = Phosphatidy l-choline.
Fig. 2.3: Correlation between bio-accumulation factors (BAF) and total lipid content in 
N eocalanus  copepods in High dose, low dose and no oil (control) treatments. Circled data 
points are N. p lum chrus ., uncircled data points N. fleminger'i.
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Table 2.1: Summary o f  analytical data and derived bio-accumulation factors (BAF).
N.f. = S'eoculanus flem ingeri:  N.p. = /V. plumchrus: dw = dry' weight: *Dry weight 
derived from different live sample than test organisms (see text for further explanation).
Experiment 1 2 3 4 4
Date 041601 050301 051401 060101 060101
Species N. f. N. f. N f. N. f. N. p.
Location PWS GOA Cape Cleare GAK1 GAK1
dryind 0.716* 0.392 0.124* 0.317 0.313
(mg)
°o lipid (dw) 17 88 80 41 40
Water TPAC (ng/L)
High 15384 10223 10861 7587 7587
Low 8376 6214 6215 4950 4950
Control 2024 797 625 495 495
Tissue TPAC (ng/g)
High 12729 19618 12505 13391 15090
Low 7317 11071 5834 7952 4152
Control 616 368 642 553 951
BAF
High 827 1919 1151 1765 1989
Low 874 1782 939 1607 839
Control 304 462 1028 1117 1922
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Table 2.2: Polyaromatic compounds measured in exposure water and eopepod tissue.
1) naphthalene2) 1-methylnaphthalene+2-methy Inaphihalene31 C-2 naphthalenes 41 Cnaphthalenes 5i C-4 naphthalenes 6i hiphenyl 7i aeenaphthy lene X i aeenaphthene 41 tluorene IOiC-1 lluorenes I I) C-2 tluorenes 121 C-4 tluorenes 141 dihen/othiophene 14) C-1 diben/othiophenes 151 C-2 dthen/othtophenes 161 C-4 dihen/othiophenes I 71 phenanthreneIS i C -1 phenanthrenes/anthraeenes 14) C-2 phenanthrenes/anthraeenes
20) C-4 phenanthrenes/anthraeenes21) C-4 phenanthrenes/anthraeenes22) anthracene 24) fluoranthene24) pyrene25)C-l lluoranthenes/pvrenes26) hen/-a-anthraeene27) ehrysene2SiC-l ehrysenes 241 C-2 ehrysenes40) C-4 ehrysenes41) C-4 ehrysenes421 hen/o-h-tluoranthene 441 hen/o-k-tluoranlhene44) hen/o-e-pyrene45) hen/o-a-pyrene46) pery lene47) indeno-1,2.4-ed-pyrene 4S) dthen/o-a.h-anthraeene 54) hen/o-g.ha-perylene
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Figure 2.1: Concentrations o f  FAC analytes in exposure seaw ater and copepod tissue on a 
dry weight basis.
j 31ca\c3s u; t/ ou anssu podndoo in o/oii
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Figure 2.2: Proportions of the major lipid classes in Neocalanus Jlem ingeri and N. 
plum chrus
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Figure 2.3: Correlation between bio-accumulation factors (BAF) and total lipid content in 
N eocalanus  copepods in High dose, low dose and no oil treatments.
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ABSTRACT
This study investigated the synergistic toxicity of aqueous polyaromatic com pounds 
(PAC) dissolved from crude oil and ultraviolet radiation (UV) in natural sunlight to the 
ealanoid copepods Ctilanus m arshallae  and M t'tridia okhotensis. These copepods were 
first exposed to low doses ( - 2  |ig  total PAC/L) of  the water-soluble fraction o f  weathered 
Alaska North Slope crude oil for 24 hours and subsequently to low or high levels o f  
natural sunlight. Responses included mortality, impairment o f  swimming ability and 
discoloration of  lipid sacs. There was 80 to 100 r< mortality and morbidity of  C. 
m arshal hit’ exposed to sunlight and oil. compared to less than 10 c7 effect in oil only or 
UV only treatments. In M. okhotensis  100 ct mortality occurred in the sunlight and oil 
treatment. 43 mortality and 27 Ur morbidity in the sunlight only treatment, and less 
than 5 cr effect in the oil only treatment. Bioaccumulation factors were -8 0 0 0  for C. 
m arshallae  and -2 0 0 0  for M. okhotensis. The interaction o f  the effect of PAC and L’V 
radiation was highly significant (P < 0.005) in both experiments.
INTRODUCTION
Toxicological studies used to define the hazards o f  polyeyclic aromatic compounds 
(PAC) and oil have usually been conducted under laboratory lighting with minimal 
ultraviolet radiation (U V ) ( /) .  Recent studies have established that PAC derived from 
petroleum sources cause toxicity to aquatic fauna that is enhanced 2 to greater than 100 
fold by exposure to UV (2).(J). Photoenhanced toxicity occurs when organisms are 
exposed to the UV com ponent o f  sunlight following tissue accumulation of  PAC
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(photosensitization) or when dissolved PAC are photochemically transformed to 
com pounds o f  higher toxicity and subsequently absorbed by the organism 
(photomodification). Some PAC can catalyze the production o f  electronically excited 
molecular oxygen by transfer o f  energy initially absorbed by the PAC from L’V (■/».( 5). 
The excited oxygen may then increase rates o f  non-specific oxidation w ithin tissues. 
Translucent biota inhabiting the upper water column or the intertidal and shallow subtidal 
epibenthos are exposed to L'V in sunlight, and may encounter PAC dissolved from 
chronic or catastrophic oil pollution sources.
Previous laboratory studies have used laboratory cultured test species, lengthy durations 
o f  L'V exposure (e.g.. 30 to 100 hours), and aqueous PAC extracts prepared by slowly 
stirring fresh- or seawater beneath thick surface slicks of  oil where the ratio of  surface 
area to volume o f  the oil (S/V).,, is relatively low ( -  2 cm '). These mixing conditions 
favor PAC extracts that are especially enriched in smaller PAC that dissolve more rapidly 
(e.g. naphthalene homologues (6)). but are not phototoxic. In contrast, the (S/V),,,, o f  oil 
slicks resulting from oil spills are usually much higher (~ 200 cm 1) than those typically 
used to prepare laboratory test solutions. This higher relative surface area accelerates the 
dissolution rates of PAC. which can lead to higher concentrations o f  three and four ring 
PAC. some of w hich are phototoxic. We therefore conducted experiments reported below 
to investigate the photoenhanced toxicity of PAC extracted from weathered crude oil 
under conditions o f  high (S /V )„,, to two ecologically important and vulnerable marine 
species of calanoid copepods. under environmentally realistic exposure conditions.
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Calanoid copepods occupy an important niche in marine food webs because they ingest a 
substantial proportion o f  annual primary production in the temperate and subarctic 
waters o f  the North Atlantic and North Pacific oceans (7). and so account for the majority 
o f  the secondary production on a biomass basis in these w aters. C opepod abundance also 
influences the density and composition of  phytoplankton through grazing and nutrient 
recycling (e.g.(#)). As secondary production they are prey for most o f  the higher-trophic 
level species, either directly or indirectly; e.g. forage or juvenile fishes are usually 
zooplanktivorous. and are themselves prey for piscivorous fishes and marine mammals. 
The most ecologically important genera of the calanoid copepods in this respect include 
C alanus. N eocalanus. M etridia. and Psetulocalanus and can constitute > 60 - 70 c< of 
zooplankton biomass (e.g. (<Sn. These copepods are all translucent, and the advanced life 
stages o f  many are exposed to L'V light while grazing on phytoplankton blooms near the 
seasurface during day light (9). Many of these copepods. especially in the genera Calanus 
and Neocalanus. accumulate stores of lipids in their later life stages that may exceed 60 
r 'r o f  their dry weight ( W),{ 1 1 ).(12). and may bioaccumulate substantial burdens of 
lipophilic pollutants such as PAC through equilibrium partitioning. Calanoid copepods 
thus include ecological key-role species that may be especially vulnerable to 
photoenhanced toxicity of  PAC derived from petroleum products.
In this study we evaluated the photoenhanced toxicity of  low doses ( - 2  pg total PAC/L) 
o f  weathered Alaska North Slope crude oil to tw o species o f  calanoid copepods. Calanus 
m arshallae  and M etridia okhotensis  field collected in Alaska waters. A new continuous
80
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
flow PAC-exposure system was developed for these exposures. Exposure durations to 
PAC solutions and subsequently to natural sunlight at a subarctic latitude were less than 
24 and 8 hours, respectively, and included one test where the natural sunlight was 
attenuated by cloud cover during a rainy day. These exposure conditions and test species 
all occurred concurrently during the Exxon Valdez oil spill in Prince W illiam Sound. 
Alaska, so our experiments simulate conditions that may be encountered in the field.
METHODS
We performed two successive experiments, w hich were identical in all respects except 
for the L’V exposure and the num ber of copepod species used. A 24 hr exposure to oiled 
seawater treatments in an indoor How -through-system was followed by a static outdoor 
L'V exposure. Each experiment included three treatments: i 1) exposure  to sunlight 
radiation but no exposure to PAC (denoted as "L’V only" it Fig. 1. treatment 1 a+b). (2) 
exposure to PAC dissolved from crude oil but no exposure to sunlight radiation (denoted 
as "Oil o n ly " )(Fig. 1. treatment 2 a+b). and (3) exposure to PAC followed by exposure to 
sunlight radiation (denoted as "Oil+UV") (Fig.l, treatment 3 a+b). In each experiment 
one composite sample o f  copepods w as frozen immediately follow ing the PAC exposure 
for later evaluation o f  tissue PAC content (Fig. 1. treatment 4 a+b). C opepods in the oil 
treatments were exposed to about 2 pg  total PAC/L in both experim ents. In experiment 1 
(high L'V experiment) we exposed 15 to 16 C. m arshallae  per flask to bright natural 
sunlight for 3.8 hours. In experiment 2 (low L'V experiment) we exposed  22 to 23 C. 
m arshallae  per flask and 31 and 40 M. okhotensis per flask to 8.2 hours o f  cloud-
81
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attenuated sunlight. The num ber of copepods per flask differed because o f  variable 
availability o f  freshly caught organisms. After the I 'V  exposure all copepods were 
evaluated for their biological response, then transferred to clean seawater and checked for 
delayed effects the following day.
A nim al C ollection
C. m arshallae  and M. okhotensis  were collected in Lynn Canal and adjacent Barlow 
Cove in southeastern Alaska. They were pipetted from zooplankton collected w ith a 330 
(ini mesh plankton net towed vertically from a maximum depth o f  120 m. The fifth 
copepodite stage ( C V ) o f  C. m arshallae  was identified by microscopic examination and 
selected for testing. Live specimens o f M. okhotensis  were not distinguished to life stage, 
but the population sampled contained copepodites at least 3.5 mm long (total length), and 
consisted mostly o f  stage CV and adults. Copepods were subsequently stored at 6 3C for 
about 24 hours until start o f  the oil exposure.
O il Exposure
The Alaska North Slope crude oil was weathered by heating and overnight stirring at 80 
3C to 20 <~c weight loss, which removed most monocyclic aromatic compounds, then 
added to 3 mm diameter glass beads at an application rate o f  2.6 g oil/kg beads and 
tumbled for approximately 24 hours. The oiled beads were spread to single layer and left 
under a hood for 4 days at 25 °C to allow the oil to harden onto the beads, and then were 
stored at - 20 3C until use.
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Three generating colum ns that produced aqueous solutions o f  PAC dissolved from crude 
oil were constructed by placing 100 mL o f  the oiled beads inside 25 cm long by 2.5 cm  
ID glass columns stoppered at each end by a glass plug and a piece o f  plankton mesh 
(505 |im ) followed by a neoprene stopper penetrated by a 2.8 mm ID glass tube. For L'V 
only treatments a separate column was constructed in the same way except that the glass 
beads were not coated w ith oil. A dilute solution of PAC w as prepared by pumping 
natural seawater (30 rrr. 10 ± 1CC) through the columns at 5 ±  0.5 ml/min flow rate by 
peristaltic pump. The effluent from the colum ns was directed through glass tubing into 2 
L Erlenmeyer filtration flasks for 20 h to rinse the exposure apparatus, followed by 
introduction of  15 - 40  copepods to each flask, depending on species and experiment. The 
ratio o f  total copepod wet weight and the exposure volume was less than 0.05 g/L. The 
exposure flasks were fitted w ith a small nylon screen to prevent copepod escape, and 
samples o f  flask effluents were collected at the start and end of  each experiment to 
measure PAC doses. At the end o f  the oil exposure copepods collected for analysis o f  
tissue PAC content (Fig. 1. treatment 4a+b) were immediately frozen at -2 0  C. Oil 
exposures and all handling procedures were conducted under fluorescent indoor lightning 
w ith negligible L'V.
U V exposures
For the L’V exposures, test flasks were placed in an outdoor waterbath (10 ± TC). In 
experiment 1 the temperature in the flasks w as 10 ± 1CC, in experiment 2 the temperature 
was 14 ±  1°C. The difference corresponded to the difference in water temperature in
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Auke Bay. Dissolved oxygen in the flasks was not measured in experiment 1. in 
experiment 2 it was 17 ± 0 .0 1 m g /L  for all treatments of  C. marshallae  and 13.2 - 14.6 
mg/L in the M. okhotensis  flasks. The dissolved oxygen content o f  saturated seaw ater 
was 18.4 mg/L. Water levels in the flasks and waterbath were approximately equal. 
Attenuation o f  light by the borosilicate glass flasks was 3 <1 for visible light. 16 c< for 
I 'V A  and 64 c< for L'VB. The percentage attenuation from the flask was determ ined from 
the difference in I 'V A . L'VB. and visible light measured by an Optics S2000 photodiode 
array spectrometer (Ocean Optics. Inc.. Dunedin. FL) inside and outside the flask. The 
fiber optic cable w ith a cosine correcting diffuser was inserted through a small hole 
drilled in the bottom of the flask, so that the surface o f  the diffuser was slightly above the 
bottom of the flask. Measurements were made in rapid succession under natural sunlight 
during cloudless conditions to ensure constant solar radiation. The oil-only exposure 
flasks were wrapped in aluminum foil to exclude all light. High I 'V  exposures 
(experiment 1) were conducted on July 13 < 12:38 to 16:27). and low L’V exposures 
(experiment 2) were conducted on July 19 (11:38 to 19:47). 2000 in Juneau. Alaska. July 
13 was cloudless, and July 19 was heavily overcast w ith 1.4 cm rainfall. The duration of 
the low L'V exposure was longer to provide approximately 50 *7c o f  the high L'V 
exposure. LV intensity was continuously monitored at the water bath level w ith a five 
channel radiometer ( G l ’V -5 1 1: Biospherical Instruments. San Diego. CA) linked to a 
computer. Average UVA (320 to 4 00  nm) and L'VB (280 to 320 nml intensities 
( | iW /cm : ) during sunlight exposures were estimated by summing the measured L’V 
intensity for each channel and the interpolated L’V intensity outside o f  each bandpass.
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Total L'V dose ijiVV*hr/cnr) was determ ined from the average UV intensity and the 
duration of sunlight exposure.
Biological response m easurem ent
Immediately following UV exposure, all copepods were individually evaluated. If the 
initial escape response was slow, the copepods were investigated microscopically with 
regard to swimming behavior and mobility of  appendages. Copepods were categorized as 
unaffected, impaired in their sw im m ing ability, or dead. Impaired copepods were unable 
to move their antennules. or had no use of  antennules and pleiopods. Affected individuals 
were examined microscopically for evidence of tissue damage. Subsequently, all live 
specimens were transferred to filtered seawater. The evaluation procedure was repeated 
17.5 hours after the end o f  the high U V and 22.5 hours after the end o f  the low U V 
exposure.
C hem ical analysis
Procedures for the quantitative determ ination of PAC in water and in tissues were 
described by Short et al. ( 13). Seaw ater samples (0.9 L) were extracted twice with 100 
mL dichloromethane. Copepods were pulverized in a porcelain grinder three times each 
with 1 mL dichloromethane. Dichlorom ethane extracts o f  the PAC w ere reduced in 
volume and exchanged with hexane o v er  a steam bath, followed by fractionation and 
purification by alumina/silica gel chromatography. PAC were measured by gas 
chromatography/mass spectrometry' (GC/VIS) in the selected ion monitoring mode (SIM).
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PAC analytes included dibenzothiophenes and polyaromatic hydrocarbons containing 2-5 
rings, including the alkylated homologues listed in Figure 2.
All tissue concentrations above method detection limits are reported on a dry-weight 
basis. A method blank, spiked method blank, and two reference samples were analyzed 
w ith each batch of 12 samples to verify method accuracy, precision, and absence of 
laboratory introduced artifacts and interferences. Detection limits were determined 
experimentally ( 14) for PAC and generally were 5 - 20 ng PAC/L seawater or 0.05 - 0.2 
ng PAC/copepod. Concentrations below the detection limit were treated as 0.
Data analysis
Concentrations o f  total PAC w ere calculated by summing the concentrations of each of 
the PAC above the method detection limit. The relative concentrations o f  PAC were 
calculated as the ratio o f  each respective PAC concentration to the total PAC 
concentration. W ater samples were collected at the beginning and end of  the exposure 
period from each generating column in each experiment. Means o f  PAC in these samples 
are presented in Fig. 2(a). where samples from columns 2. 3 and 4 (Fig. 1) were treated as 
replicates (total o f  12 samples). The differences in total PAC measured at the beginning 
and end o f  each experiment were evaluated by Student's t-test. Biological response data 
were tabulated as proportions and 95 confidence limits for proportions were derived 
from binomial confidence limit tables (Fig. 3) (15). The use o f  the binomial distribution 
requires the assumptions that each copepod has an equal probability o f  death from the
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treatment and that eopepod deaths are independent of each other. Significance o f  the 
interaction of  the effects o f  oil and L'V exposure was tested with multivariate 
contingency tables using Chi-square statistics; the hypothesis o f  independence was tested 
at the 95 Vc significance level ( 16). For the purpose of this test, biological response data 
were grouped into "unaffected" and "affected" (impaired or dead).
The concentrations of  PAC in copepods were calculated as the ratio o f  the am ount of  
analyte per individual and the dry weight o f  individuals given in the literature. W e used 
175 (ig/ind. for the dry weight o f  C. m arshallae  CV (from ((S’)I. For M. okhotensis  we 
assum ed a mean stage of CV, and used a wet weight per individual of 1.48 mg ( 17) and a 
ratio o f  dry to wet weights of 18.8 *7 ( IH\ table 4) to estimate a dry weight per individual 
o f  278 (ig/ind.
RESULTS
P A C  Exposures anil uptake
The solution o f  PAC in seawater produced by the oil exposure apparatus (Fig. 1) 
consisted mainly o f  three-ring PA C (Fig. 2( 1 )>. at total PAC concentrations near 2 (ig/L. 
The total PAC concentration increased from 1.55 ± 0 .65  (ig/L (n = 3) at the beginning of  
experim ent 1 to 2.64 ± 0.38 (ig/L (n = 3) at the end. a marginally significant ( P = 0.051) 
change. During experiment 2 the total PAC concentration change was insignificant (P =
0.77) and averaged 2.08 ± 0.43 (ig/L (n = 6). In the aqueous phase exposures, known
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phototoxic PACs such as anthracene, flouranthene. and pyrene had low concentrations 
relative to the measured total PAC.
Both C. m arshallae  and M. okhotensis  accumulated high concentrations o f  total PAC 
from the exposure seawater. The histogram in Fig. 2(b) shows the PAC proportions in 
tissues in one sample of M. okhotensis  and two samples of  C. m arshallae  taken at the end 
o f  the 24 hour oil exposures. The total PAC concentrations in C. m arshallae  were 85.4 
pg/g  dry w eight and 71.7 pg/g  dry weight at the end of  the oil exposure o f  experim ents 1 
and 2. respectively, com pared to a concentration of 21.3 pg/g dry weight in M. okhotensis  
at the end of the oil exposure in experiment 2. The composition of the PAC accumulated 
by the copepods was nearly identical w ith the PAC composition of the exposure seaw ater 
(Fig. 2). The apparent bioaccumulation factor was approximately 8000 on a wet weight 
basis for C. m arshallae  (averaged for the two samples) and approximately 2000 for \1. 
okhotensis.
U V Exposures
Experiment 1 (high L'V exposure) had four to five times the UVA and L'VB intensity of 
experiment 2 (low UV exposure), and approximately 2 times the UV dose because o f  the 
shorter exposure duration (Table 1).
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P hotoenhanced toxicity to C. m arshallae
In experiment I (high L'V exposure) more than 80 *T of  the C. marshallae  copepods 
exposed to Oil+UV were affected. O f these 60 were impaired or immobile and 20 Fc 
were dead. In contrast, none of  the copepods were affected when exposed to oil only or 
L'V only (Fig. 3a). Two-thirds o f  those copepods impaired or immobile at the end o f  the 
L'V exposure died by the following day in this experiment (6 animals), while one o ther 
impaired eopepod recovered (Fig. 3b).
In experiment 2 (low L'V exposure), no immediate mortality was observed for C. 
m arshallae  in the Oil+UV treatment, but about 85 *7 were immobile by the end o f  the 
L'V exposure (Fig. 3c). Only one eopepod immobile at the end of the L'V exposure died 
by the following day. w hile three immobile copepods recovered the ability to move their 
swimming appendages but not their antennules (Fig. 3d). In contrast, less then 15 r r o f  
the copepods were affected when exposed to oil only or L'V only, similar to the high-L'V 
experiment (Fig. 3a .o .  C. m arshallae  in the Oil+L'V treatment that were impaired or 
immobile had opaque rather than transparent lipid sacs, whereas copepods in the oil only 
or UV only treatments had transparent lipid sacs (Fig. 4).
P hotoenhanced toxicity to M. okhotensis
The pattern of results for M. okhotensis was similar to that o f  C. marshallae. except a 
higher UV sensitivity was observed (Fig. 3e). All copepods (n = 31) in the Oil+L'V 
treatment were dead by the end o f  the UV exposure. In the UV only treatment (n = 40) 70
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f r  were affected (17 died and 11 were either immobile or impaired in their swimming 
ability) with 12 copepods being unaffected. Five percent were affected in the Oil only 
treatment (n = 31).
For all experiments, interactions between oil and L'V exposures were highly significant 
(Chi-squared test. P < 0.005). clearly indicating photoenhanced toxicity.
D ISC ISSIO N
Phototoxicity o f  A laska North Slope crude oil
O ur results demonstrate that PAC dissolved from crude oil are phototoxic to subarctic 
marine copepods at aqueous PAC concentrations that would likely result from an oil spill, 
and at L’V radiation intensities that would often be encountered in nature. Although our 
experimental treatments were not replicated within the high- or low -L'V experiments, the 
results o f  the two sequential experiments w ith C. m arshallae  may be considered as a 
duplicated experiment in which one of  the dosage treatments (UV exposure) is affected 
by a random variable (sunlight intensity). The highly significant interaction between oil 
exposure and subsequent L'V exposure in both experiments is compelling evidence ot 
photoenhanced toxicity to C. marshallae. The similar pattern of  results w ith M. 
okhotensis  is additional confirmation of these effects, and suggests that different species 
o f  translucent copepods may be vulnerable to photoenhanced toxicity if exposed to 
environmentally realistic concentrations of PAC and L’V radiation in the upper water 
column. For example, total PAC concentrations exceeding 2 pg/L have been measured
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beneath oil slicks follow ing catastrophic oil spills I I9),{20).{2I ) and the L'V intensities in 
the present study were w ithin the expected ranges for the environmental conditions, time 
o f  year, and latitude o f  the exposures: The average L’VA intensity o f  the high UV 
exposure (3.700 | iW /c m : ) is equivalent to 18 fr attenuation o f  surface sunlight at solar 
noon on a clear day in Prince William Sound. Alaska (22). The low UV exposure 
(average UVA intensity o f  761 (iW/cm: ) is comparable to UVA levels reported for highly 
attenuated aquatic habitats (23). UVA appears to be the most active region o f  the light 
spectrum for photoenhanced toxicity, w hereas UVB appears responsible for the majority 
o f  biological injury from UV only exposure {24).
Photoenhanced toxicity has been reported from single com pound studies for several 
aquatic organisms (e.g. (2).(-/).(25).(26).(27).(2<V).(29)) but limited literature is available 
on phototoxicity of  crude or refined oils (30). While lethal concentrations o f  total PAC to 
some eopepod species are reported on the order of 0.05 to 9.4 mg/L. we found phototoxic 
concentrations to be lower by a factor of 23 to > 4000 {31). Phenanthrenes were the most 
abundant PAC analyzed in eopepod tissue in this study and. like flourenes and 
naphthalenes, are not photosensitizers ( /  ).(32).(33). Photoproducts o f  phenanthrenes. 
however, were more toxic than the parent compound in tests with the diatom 
Phaeodiictylum  trico m u tu m  {34). Flouranthenes and pyrenes are highly phototoxie to 
bivalves and mysids (2) but their concentrations were below the method detection limit in 
copepods (Fig. 2). The phototoxicity of dibenzothiophenes is uncertain, and ehrysenes are
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the only known phototoxic agents detected in copepod tissue in this study. Clearly more 
work is needed to identify the phototoxic compounds in crude oil.
Bioaccum ulation o f  PAC
O rganisms w ith a high ratio of surface area to volume rapidly accumulate PAC (.L5>. The 
similarity o f  the PAC compositions in the exposure w ater and in the copepod tissue at the 
end o f  the exposure indicates that the PAC were passively accumulated from the water 
without selective uptake (Fig. 2). Copepods may thus form an important and largely 
unrecognized ecological compartment for the accumulation o f  PAC from the water and 
the transfer o f  PAC to higher trophic level consumers. The higher PAC concentrations 
found in C. m arshallae  ( accumulation factor = 8(XX)) com pared w ith M. okhotensis 
(accumulation factor = 2CKX)> may reflect different sizes of  lipid pools. Bioaccumulation 
o f  polyaromatic hydrocarbons (PAH) in D aphnia pu lex  was described in terms of 
lipid/water PAH partitioning and a linear relationship between the n-octanol- -w ater 
partition coefficient and the concentration factor for several PAH was reported (35). 
Consistent with the results for the marine copepods. accumulation factors o f  PAHs in D. 
pu lex  ranged from 100 to 10.000 and equilibrium concentrations w ere approached w ithin 
24hr exposure periods (35). Both copepod species have high surface area to volume ratios 
and would therefore approach equilibrium rapidly. But C alanus and N eocalanus  
copepods have higher bioaccumulation capacities for PAC because o f  their 
characteristically higher total lipid content. Most estimates for lipid content in D aphnia
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full in the 1-3.5 range!35). while total lipid content in high latitude eopepod species 
varies seasonally from 8 ac to 73 ac (<V).
Tissue dam age
In many copepods lipid is accum ulated during the spring feeding season and stored 
internally as wax esters iJ6 \. The highly lipophilic PAC are accum ulated by organisms 
and absorbed into fat tissue <-/). The opaque appearance o f  the lipid sac o f  Calanus 
m arshallae . observed in the Oil+L'V treatment may be indicative o f  severe lipid damage 
resulting from lipid peroxidation caused by singlet oxygen as has been shown in fish (5). 
In comparison, copepods in the Oil only and L'V only treatments had transparent lipid 
sacs (Fig. 4). Light scattering occurs when molecular clusters in the path o f  the light are 
larger than the wavelength o f  the penetrating light. Thus, formation o f  larger molecular 
structures must have occurred in the lipid sac or its surrounding m em brane to cause the 
observed change from a transparent to cloudy appearance. This observation may hold 
promise for a method to assess dam age from photoenhanced oil toxicity to surtace 
feeding eopepod swarms in their natural environment. More research is necessary to 
determine whether the tissue dam age from lipid peroxidation is consistent and discernible 
in preserved samples. Also, although this interpretation suggests a photosensitization 
mechanism, our experiments were not designed to explain the m echanism  of 
phototoxicity involved. Photosensitization was identified as the main m echanism  causing 
photoenhanced toxicity in various invertebrates {2).{28).(32).{37). but several authors 
described photomodification to cause increased toxicity o f  PAC to plants (3 4 )a 3S),(39).
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Ecological im plications
Phototoxic effects on copepods could conceivably cause ecosystem disruptions that have 
not been accounted for in traditional oil spill damage assessments. Particularly in 
nearshore habitats where vertical migration o f  copepods is inhibited due  to shallow 
depths and geographical enclosure, phototoxicity could cause mass mortality in the local 
plankton population. This lack o f  primary consumers could trigger initial increases in 
phytoplankton, but food depletion in juvenile or forage fish populations (e.g. salmon fry). 
The observed sublethal response o f  copepods to phototoxicity w as an impairm ent o f  the 
escape response w hich may cause increased vulnerability to predators. The potential for 
photoenhanced toxicity to fish larvae from transfer of PAC from prey is currently 
unknown, although feeding on oil-contaminated prey in pink salmon fry has been 
reported to reduce growth rates (40). Areas of  future research should include identifying 
phototoxic com pounds and quantifying injury to copepod populations.
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Figure captions
Figure 3.1: Diagram of the flow-through oil exposure system. Seawater is pum ped from 
an overhead tank through generators filled with oil coated glass beads to achieve 
consistent low dosage exposure o f  organisms in Erlenmeyer flasks. Generating columns 
2.3 and 4 contain oiled glass beads, column 1 contains unoiled beads for control 
treatment. In experiment 2 the effluent from Erlenmeyer flasks la. 2a. 3a and 4a is 
directed into Erlenmeyer flasks lb. 2b. 3b and 4b. respectively.
Figure 3.2: (a) Proportions o f  PAC analytes in exposure seawater (N = 6 replicate 
samples; these were collected at the start (N = 3) and end (N = 3) of the 24 hr exposure 
time from generators 2. 3 and 4; see Fig. 1). ranges are depicted by bars but are very 
small (between 0  and 4 ^ r ).
(b) Proportions o f  PAC analytes in 2 samples o f  C. m arshallae  (white bars = high L'V. 
black bars = low L’V) and 1 sample of M. okhotensis  ( gray bars), samples were collected 
before L'V exposure; n = sampling units in samples; N. F. D. P and C refer to 
naphthalene, flourene. dibenzothiophene. phenanthrene and chrysene. respectively, and 
the num bers following these letters indicate the num ber o f  alkyl-substituent carbon 
atoms. O ther PAC are abbreviated as follows: bip = biphenyl, ace = acenaphthylene. acn 
= acenapthene. ant = anthracene, fla = flouranthene. pyr = pyrene. C lfp  = C 1 
flouranthenes/pyrenes. baa = benz-a-anthracene. bb f  = benzo-b-flouranthene. bkf =
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benzo-k-flouranthene. bep = benzo-e-pyrene. bap = benzo-a-pyrene. per = perylene. icp = 
in d en o -1.2.3-c.d-pyrene. daa = dibenzo-a.h-anthracene. bgp = benzo-g.h.i-perylene.
Figure 3.3: Biological responses in phototoxicity experiments: Dark gray bars: dead; 
crosshatched bars: Impaired = unable to move swimming appendages; bars depict 
binomial confidence limits. n=sampling units in sample: a) C alanus m arshallae : 24 hr oil 
exposure followed by 3.8 hr L'V exposure on a sunny day b) as in (a) but after 17.5 hr 
depuration c) C. m arshallae : 24 hr oil exposure followed by 8.2 hr L’V exposure on a 
rainy day d) as in (c ) but after 22.5 hr depuration e) M etridia okho tensis ; 24 hr oil 
exposure followed by 8.2 hr L’V exposure on a rainy day.
Figure 3.4. Photos of  Calanus m arshallae  oil sacs: a) after 24 hr exposure to oil only, b) 
after 8.2 hr exposure to low L’V only, c) after 24 hr exposure to oil followed by 8.2 hr 
low L'V exposure. Lipid sacs appear clear in a and b. opaque in c (arrows point to 
coloration of lipid sac).
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Table 3.1: Summary of  L'VA and L'VB intensity and total dose (duration * intensity) in 
the high and low sunlight exposures (measured in air).
Experiment Environmental Exposure Average intensity L V Dose
conditions duration (^ iW /cn r) <pW*hr/cm: )
(hr) L'VA L'VB L'VA UVB
High L'V Sun. no clouds 3.8 3731 60.9 14.253 2331Low L'V Clouds, ha/e. 
rain
8.2 761 16.8 6202 ! 137|Ij
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Figure 3.1: Diagram o f the flow -through o il exposure system.
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Overhead Water Tank
Erlenmever flasks w ith eopepods
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Figure 3.3: Biological responses in phototoxicity experiments.
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Figure 3.4: Photos o f Calanus m arshallae o il sacs.
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Chapter 4
THE INTERACTION OF POLYAROMATIC COMPOUND (PAC) 
CONCENTRATION AND ULTRAVIOLET RADIATION DOSE IN 
PHOTOTOXIC EFFECTS ON \E O C A L A \L  S COPEPODS IN THE NORTH  
PACIFIC
Switgard Duesterloh, Thom as C. Shirley
Juneau Center School of Fisheries and Ocean Sciences. University of  Alaska Fairbanks. 
11120 Glacier Highway. Juneau. Alaska 99801. USA
Prepared for publication in Photochemistry and Photobiology
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ABSTRACT
Phototoxicity o f  dissolved A laska North Slope crude oil to N eocalanus  copepods was 
tested in experiments with concentrations ranging from 0.5 - 10 fig/L o f  total 
polyaromatic compounds (PA C) and L'V radiation from ambient daylight exposures. The 
copepods were clearly sensitive to photoenhanced toxicity at these concentrations. The 
interaction of  PAC and sunlight was highly significant (P < 0.001). No significant 
difference in effects existed between the full spectrum and the CV B-exclusion light 
treatments, indicating that L'VA w as the phototoxic region of  wavelengths in these 
experiments. Phototoxic effects, recorded as the frequency o f  test copepods dead or 
impaired at the end of  the L’V exposure, were closely correlated w ith PAC concentration 
in the exposure water and the product o f  PAC concentration and light dose < intensity * 
exposure duration) in a linear relationship. This correlation was only slightly better w hen 
tissue residue concentrations were used (r = 0.998) than for water PAC concentrations ir 
= 0.991).
INTRODUCTION
Photoenhanced toxicity o f  oil in the presence of ultraviolet (L'V) radiation has been 
show n for many single com pound polyaromatic hydrocarbons and som e crude oils and 
may occur at concentrations encountered in the environment (e.g.. 1-3). However, the 
extent to which the effect occurs in waters contaminated w ith polyaromatic com pounds 
(PAC) and the ecological consequences are not well understood. Most studies of 
phototoxicity have been conducted  under artificial laboratory UV light and with oil
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solutions with a relatively high proportion o f  lighter PAC com pared to those created by 
weathered oil in the environment (4). In this study we tested the interaction effects of 
various concentrations o f  dissolved weathered Alaska North Slope crude oil. high in 
phototoxic PAC. and subsequent exposure to sunlight with and without the L'VB 
component to the copepods .Veocalanus flem ingeri and S . p lum chrus.
Copepods o f  the genus Neoculunus  dominate the zooplankton biomass in the North 
Pacific. G ulf  o f  Alaska and adjacent inlets during several months o f  the year (5). Their 
natural range includes clear ocean waters with maximum L'V penetration properties, to 
highly productive inlets w ith ongoing oil exploration and high risk o f  PAC encounter. 
Many secondary consum ers depend on Xeocahm us  as a large seasonal energy source, 
which is reflected in life history and behavior patterns that are geared tow ards the 
maximum chance o f  encountering the production peaks of these copepods. At 4 - 5 mm 
in prosoma length, late stage copepodites and adults ot' tWcocahmus flem in i’cri and A’. 
plum chrus  are am ong the largest copepods and they can accumulate > 60 r < of  their body 
dry weight in lipid stores (6). Because of  the lipophilic nature o f  oil-derived PAC. they 
accumulate in the lipid tissue o f  organisms and the high surface area to volume ratio of 
copepods accounts for a high bioaccumulation potential (4).
The toxicity o f  photoactivated PAC should be a direct function o f  chem ical (PAC) dose 
and light intensity (7). Ankley et al. (1995) investigated the specific toxicity ot 
fluoranthene to the benthic oligochaet Lum hriculus variegatus at three different light
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intensities: a linear relationship between the product o f light intensity and initial tissue 
PAC residue, and the median time-to-death was reported (8). The results supported the 
Bunsen - Roscoe photochemical law of reciprocity, w hich states that in the absence of 
"complicating " side reactions, the product o f  light intensity and reaction time is constant 
for a fixed concentration o f  the sensitizer (PAC). In a similar approach, we tested four 
PAC doses, w hile the light intensity and exposure duration were the same w ithin each of  
the two experiments. Instead o f  reporting the time to death, we chose to record effects at 
approximately the time w hen half o f the copepods in the medium PA C  dose w ere 
affected. In this approach, the proposition w as tested that the product o f  exposure 
duration and light intensity times PAC residue would follow a linear relationship when 
plotted against the percentage o f  affected organisms.
Known phototoxic PAC absorb in the UVA wavelength range (320-400 nm) (9).
However, phototoxicity of  weathered crude oil to larvae of  the Pacific herring was 
increased when the exposures also included a UVB component (10). The role o f  UVB in 
phototoxicity to copepods was examined by including a light treatment w ith selective 
UVB exclusion to compare the phototoxic effectiveness of  full spectrum  sunlight and that 
o f  sunlight w ithout the UVB component.
MATERIAL AND METHODS
Tw o separate experiments, each with three light spectra (no light, daylight without UVB. 
full spectrum daylight) and four concentrations o f  water dissolved PA C  were conducted.
109
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Oil exposures were conducted in the laboratory in 24 hour flow -through exposures and 
light exposures follow ed immediately after transfer to an outdoor waterbath. The oil 
exposure for experiment 1 was started on May 14. 2001. followed by daylight exposures 
from 15:20 to 19:10 on May 15 and 10:10 to 13:30 on May 16. For experiment 2. the oil 
exposure started on June 04. 2001. followed by daylight exposure from 11:45 to 16:25 on 
June 05. In experiment 1. 20 N eocalanusJleniitif’eri were used per treatment. In 
experiment 2. 16 - 18 copepods were used per treatment, half o f  w hich w ere V. jlem in ^er i  
and the others V. plum chrus.
C opepod collection
Copepods were collected w ith 200 (im mesh open ring nets, equipped w ith altered design 
cod ends to minimize breakage o f  setae, and towed vertically from 50 m depth to the 
surface. The live samples were kindly provided by researchers o f  the G L O B E C  G ulf o f  
Alaska Monitoring Program cruises, diluted if dense, and kept at ambient water surface 
temperatures until processed. In the laboratory, storage, sorting and experiments were 
conducted in a constant-temperature walk-in chamber set at 6 - 8 :C. C opepods were 
pipetted into 1 ml culture wells for microscopic species and life stage identification and 
quickly transferred to beakers w ith 5 copepods per 50 ml beaker until the start o f  the 
experiment.
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I l l
Oil exposure and  P A C  analysis
The Alaska North Slope crude oil was weathered by heating and overnight stirring at 80 
"C to 20 c'( weight loss, which removed most monocyclic arom atic compounds, then 
added to 2 m m  diam eter glass beads at application rates o f  2.6 g oil/kg beads and tumbled 
for approximately 24 hours. The oiled beads were spread to single layer and left under a 
hood for 4 days at 25 'C  to allow the oil to harden onto the beads, and then were stored at 
- 20 ; C until use.
A detailed description of  the generating columns that produced the aqueous solutions of  
PAC dissolved from crude oil is provided in Duesterloh et al. (4). The columns were 
filled w ith 20 -100 ml oil coated glass beads and unoiled beads were added to fill up 
excess volume. For the high dose treatments several generating columns were connected. 
In the control treatments the generating columns were filled w ith 100 ml PAC-cleaned 
glass beads. Prior experience showed that there was no loss in total PAC concentration 
from the columns within 96 hours. Seawater w as directed from the laboratory supply line 
into an overhead tank o f  approximately 80 liter capacity. W ate r  w as then pumped through 
the generating colum n at a flow rate o f  5 ml/min into a 2 liter Erlenmeyer filtration flask 
in which the hose connector served as an overflow. Each co lum n  was flushed with 
seawater for 22 hours before the peristaltic pump was activated and the flow rate in all 
colum ns w as adjusted. The experiment w as started w ithin 20 hours after activation of  the 
pum p at which time 0.9 liter o f the water in the Erlenm eyer flask was collected for PAC 
extraction and copepods were added to the remaining w ater volum e in the flask. A screen
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o f  330 Jim plankton mesh covered the outflow opening o f  the flasks to prevent loss of 
copepods. After 24 hours, copepods were collected and frozen (-20 :C) and 0.9 liter of 
the exposure w ater were extracted w ith dichloromethane and then frozen for later PAC 
analysis at the Auke Bay Laboratory in Juneau. Alaska (NM FS/NOAA).
Procedures for the quantitative determination of PAC in water and in tissues were 
described by Short et al. (11). Seawater samples (0.9 liter) were extracted tw ice w ith 50 - 
60 ml dichloromethane. Tissue samples were collected in experiment 1 but not in 
experiment 2. because of lower N eocalanus abundance in the later sample. Copepods 
were macerated in a glass grinder tw ice. each time w ith 1 ml dichloromethane. 
Dichloromethane extracts o f  the PAC were reduced in volume and exchanged w ith 
hexane over a steam bath, followed by fractionation and purification by alumina/silica gel 
chromatography. PAC were measured by gas chromatography/mass spectrometry 
(G C /M Si in the selected ion monitoring mode (SIM). PAC analytes included 
dibenzothiophenes and polyaromatic hydrocarbons containing 2 - 5 rings. A method 
blank, spiked method blank, and two reference samples were analyzed w ith each batch of 
12 samples to verify method accuracy, precision, and absence of  laboratory introduced 
artifacts and interferences. Detection limits were determined experimentally (12) for PAC 
and generally were 5 - 20 ng PAC/L seawater at the 95 ac confidence level. For tissues an 
80 c'c confidence level was chosen. Concentrations below the detection limit were treated 
as 0.
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U V exposures
For the L'V exposures, a waterbath was installed outside and supplied w ith seawater from 
the laboratory intake lines. Temperatures were 7 ±1 'C  (mean ±  1 standard deviation) 
during experiment 1 and 8 ±1 °C  during experiment 2. Erlenmeyer flasks were placed in 
the waterbath so that the water level inside the flask was approximately the same as in the 
water bath, and arranged to avoid shading. For the flasks used for the L'VB exclusion 
treatment, a M ylar-D  cy linder was constructed to cover the entire flask. This reduced the 
L'VB radiation by 68 c'< when measured in air compared to a reduction o f  L'VA and 
visible light by 25 f r . When measured in water and under the flask (m easurements inside 
the flask were not possible because o f  the small neck). L'VB was reduced by > 9 9  T .  
com pared to a reduction o f  L'VA and visible light of 15 - 17 ai . All measurements were 
recorded with a M acam Photometries L'V meter at 10 cm depth in the water bath. The 
attenuation of  10 cm  water was measured at 32. 33. and 21 ri for L'VB. L'VA and visible 
light, respectively . Measurements of  L'VA. L'VB and visible light were recorded every 10 
minutes, then integrated to estimate total L'V dose over the exposure period. The 
exposure was terminated when ~ 50 Sc o f  immobilization or mortality were observed in 
the medium  dose treatment. Copepods were then microscopically evaluated and 
biological responses were categorized into unaffected, impaired and dead. For all further 
analy sis the categories "im paired” and "dead" were pooled into one category "affected".
S ta tistica l analysis
To test for a difference between start and end PAC concentrations in the exposure water.
113
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a paired com parisons t-test w as used. For experiment 2. a t-test ( alpha = 0.05) w as 
em ployed to test for a difference in effects on N eocalanus J lem in t’eri and N. plum chrus.
Frequencies o f  affected and unaffected copepods were tabulated in three-dimensional 
contingency tables w ith the factors "PAC concentration", "light spectrum " and "affected" 
or "unaffected" (13). The two experiments were analyzed independently o f  each other. 
First, a test for mutual interdependence was conducted. W hen the null hypothesis o f  no 
interaction between the factors was rejected, a test for partial in terdependence between 
PAC concentration and light spectrum w as performed. For all tests the Chi-square 
statistic at 95 c'< significance level was used.
To test the proposition o f  a linear relationship between the product o f  light dose (intensity 
* exposure duration) and PAC concentration, the product o f  light dose and PAC 
concentration in eopepod tissue w as plotted against the percentage o f  affected copepods 
and the correlation coefficients were calculated for both light spectra in experiment 1. 
Then, w ith pooled data o f  the two experiments, the PAC concentrations in water were 
plotted against the percentage of  affected copepods and correlation coefficients were 
calculated. Finally, total light dose was multiplied by the total PAC content in water and 
plotted against the percentage of copepods affected in the corresponding treatment: 
correlation coefficients were compared to those obtained from water PA C  concentrations 
alone.
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A Student 's  t-test was used to test fo ra  difference in effects o f  the I 'V B -exclusion  and 
full spectrum treatments in both experiments (alpha = 0.05)
RESULTS
An increase o f  impairment and mortality w ith PAC concentration was observed in 
treatments with a combination of PAC and sunlight exposure in both experim ents, clearly 
indicating dose-dependent photoenhanced toxicity of  oil on N eocalanus  copepods (Fig.
1). No difference could be detected between the phototoxic effects on the two species N. 
flem in yer i  and N. p lum chrus  in experiment 2 (t-test. alpha = 0.05. P < 0.001).
U V  D oses am i PAC  C oncentrations
The total light doses and ranges of light intensity are given in Table I. In experiment 1. 
the total dose was -  30 fr higher in L'VA and visible light and -  15 <7 higher in L'VB 
com pared to experiment 2. Mean PAC concentrations in the exposure w ater were 
between 0.6 and 9 |ig/L. The difference between start and end concentrations (Fig. 2) was 
insignificant (paired comparisons t-test. alpha = 0.05). Exposure concentrations were 
approximately 1000 times less than reported LDS) concentrations o f  oil to copepods (14). 
In all further calculations the mean concentration was used (Table 2). The first two 
concentrations listed in Table 2 were the "no oil" control treatments. The low but 
prevalent total PAC concentrations measured in the "no oil" controls do not reflect 
experimental cross-contamination but rather a background signature o f  creosote  that w as
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in the intake water. Concentrations o f  any individual PAC from this background 
signature w ere < 0.01 times those o f  the measured phototoxic agents.
Test fo r  interaction between li^h t spectrum  and PAC concentration  
The interaction between PAC concentration and light spectrum was highly significant, 
indicating that the toxicity of  dissolved weathered Alaska North Slope crude oil is 
enhanced by photo-activation. The null-hypothesis o f no interaction between any o f  the 
variables was rejected (P < 0.001). Also, the partial independence test between light 
spectrum and PAC concentration resulted in rejection o f  the null-hypothesis o f  no 
interaction (P < 0 .0 0 h .
Test fo r  linearity o f  PAC concentration *lii’ht dose versus effect 
The product o f  PAC concentration in eopepod tissue and the light dose ( intensity * 
exposure duration) was a good predictor o f effects on copepods (Figure 3). The 
correlation coefficient r was > 0.99 in both light treatments ( Figure 3 e, f). This was not 
true for the product o f  PAC in w ater concentration times light dose: the product ot PAC 
concentration in water and the light dose was slightly less correlated with the percentage 
o f  affected copepods (r = 0.93) than the PAC concentration in water alone (r = 0.97) in 
the full spectrum treatment (Figure 3 a. c). In the UVB exclusion treatment however, the 
product o f  PAC in w ater concentration and light dose had a slightly higher correlation 
coefficient (r = 0.97) than PAC in w ater alone (r = 0.95) (Figure 3 b. d).
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P hoto toxicity  o f  fu l l  spectrum  light versus L'VB - exclusion  
The full spectrum treatment consistently had slightly higher frequencies of  affected 
copepods than the L'VB exclusion treatment (Figures 1.2). However, this trend was not 
significant in t - tests comparing the means of  the two treatments (alpha = 0.05). No 
effect w as observed in the "no oil" treatments, which indicates that all light exposures 
were below toxic levels o f L'V radiation alone.
DISCUSSION
We observed a dose-dependent, significant interaction of  PAC dissolved from weathered 
Alaska North Slope crude oil and L'V radiation in sunlight to N eocalanus  copepods. In 
one experim ent conducted on June 4 - 5. there w as no difference (t-test. alpha = 0.05) in 
effects on  the species N eoculanus flem ingeri and .V. plum chrus. The significant increases 
in frequencies o f  affected copepods w ith increasing PAC concentrations are in accord 
with results obtained in studies w ith other test organisms and under artificial L'V light 
sources (e.g.. 2, 15). The observed dose-dependent interaction o f  dissolved PAC at these 
low concentrations (0.5 - 10 |ig /L) and the natural sunlight source confirm  and extend 
earlier results with the copepods Calanus marshallae and M etrid ia  okhotensis  (4).
A reciprocity relationship between PAC concentration measured in tissue residue and 
light dose was supported by our data (r>  0.99). In two independent experiments, each 
with four PAC exposure concentrations, the response was tightly correlated with the 
product o f  light dose and PAC concentration in the exposure water, and also with PAC
117
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water concentration. PAC accumulation by copepods can be assum ed to be rapid and 
proportional to the PAC water concentration at the levels tested, but tissue concentrations 
had slightly closer correlations with phototoxicity effects than w ater PAC concentrations 
(Figure 3). Confirmation o f  the reciprocity relationship and application o f  the Bunsen - 
Roscoe photochemical law was provided by Ankley (8). Because o f  the difficulty in 
accurately defining the time of  death or unrecoverable dam age in copepods. we chose to 
terminate the experiment when approximately 50 Cr effects were observed in the medium 
dose treatment. In this approach the factor "exposure tim e" becom es fixed and the 
relationship to be tested is that of PAC concentration and light dose (intensity * exposure 
duration). This implies a possible overestimation of  the lethal dose ( 1 (X) cl affected) in 
the high PAC concentration treatments, because the experim ent was continued past the 
test o rganism 's  time o f  death. However, the lowest PAC concentration in experiment I 
had no significant phototoxic effect. Thus, we can define a lower and upper phototoxicity 
threshold in terms o f  the product of light dose [W * m ’ * min 1 ] and the PAC 
concentration in water [pg/Lj between -  100 - 600.
The results o f  the L'VB - exclusion experiment were not significantly different from those 
of the full spectrum light treatment, indicating that the observed phototoxicity w as 
induced in the L V A  wavelength range. However, there was a tendency for the 
frequencies o f  affected copepods to be slightly lower in the L V B  - exclusion treatment 
com pared to the full spectrum treatment. This may be explained by the - 3 0  Cc LVA 
attenuation o f  the Mylar - foil. An alternative explanation is that the interplay of LVA
118
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and L'VB wavelengths increases the total phototoxic effects. Photo-active agents differ in 
peak absorbance spectra (9). and phototoxicity of some increases in the presence of 
shorter (UVB) wavelengths (16). A significantly higher phototoxicity o f  sunlight 
com pared to a UVA treatment was reported for herring larvae in experim ents using -  10 
times higher concentrations o f  dissolved weathered Alaska North Slope crude oil (10). 
More research is needed to resolve the role of  UVB radiation in phototoxic effects o f  oil 
on copepods. particularly at higher PAC concentrations.
The UV exposures o f  both experiments were conducted on days w ith intermittent disk- 
visibility. For comparison, the visible light curves for experiment 2 and a clear sky day. 
measured at the same location and under the same conditions are shown in Fig. 4. The 
light doses used in our experiments were well below the total irradiation on a sunny day. 
In experiment 1. the light exposure was on two subsequent days, interrupted by a 13 hour 
dark period. Repair mechanisms could reduce damage caused by UVB radiation in some 
copepods species during periods of  visible light exposure (17). However, no such repair 
occurred during 24 hours of  incubation in the dark (17). Thus, we assume that the ettects 
observ ed at the end of  the exposure on day 2 reflect the accrued phototoxicity ot the total 
light dose received on two subsequent days.
Oil exploration and transportation in Alaska has been accompanied by m uch concern 
about environmental risks. Numerous studies, mostly generated by the Exxon Valdez oil 
spill in 1989. investigated ecological implications of catastrophic oil spills and chronic
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contamination in these highly productive marine ecosystems (18. 19). The potential for 
phototoxicity as a com plicating and accelerating factor was only recently recognized
(20). The present study clearly demonstrated the potential for dominant, subarctic 
copepods to accumulate dissolved PAC from the water and their sensitivity to 
photoenhanced toxicity. Because copepods are important forage species and many fishes 
and invertebrates directly or  indirectly depend on their abundance as a vital energy 
source, population shifts in copepods may change ecological patterns on a large scale. 
However, it is presently unknown to what extend phototoxicity could threaten eopepod 
populations that have encountered dissolved PAC from chronic or accidental 
contamination.
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Fig. 4.1: Phototoxic effects ( impaired or  dead) o f  dissolved oil on copepods in 
experiment 1 {Neocalanus flem ingeri: N = 20. top panel) and total PAC concentrations in 
the exposure water at the start and end o f  the oil exposure (bottom panel). Bars indicate 
binomial confidence intervals.
Fig. 4.2: Phototoxic effects (impaired or dead) o f  dissolved oil on copepods in 
experiment 2 (A'. Jlem ini’eri and A', plum chrus: N= 15 -19. pooled data; top panel) and 
total PAC concentrations in the exposure water at the start and end o f  the oil exposure 
(bottom panel). Bars indicate binomial confidence intervals.
Fig. 4.3: Correlations of phototoxicity. PAC concentration and light dose. Regression of 
phototoxic effect in Full spectrum sunlight (left panel) and in sunlight with L'VB - 
exclusion (right panel) and. 1) PAC concentration in the exposure w ater (a. b). 2) the 
product o f PAC concentration in the exposure water with the exposure light dose <c. d). 
and 3) the product o f  PAC concentration in copepod tissue and the exposure light dose 
(experiment 1 only) (e. f). A = experiment 1; ■ = experiment 2.
Fig. 4.4: Comparison o f  total light intensities measured on a clear day (May 11 .01) and a 
day with intermittent disk visibility, measured during experiment 2 (June 5 ,0 1 )  in 
Seward. Alaska. All measurements were taken under 10 cm water column.
Figure captions
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Table  4.1: Total light doses and ranges o f  light intensity of visible light (R F F ). L'V A and
L'VB measured during the two experiments.
Exp RFF UVA UVB
Exposure Total Dose Range Intensity Total Dose Range Intensity Total Dose
Duration [W * m2 * mm '!| [W * m2] [W * m2 • mm ']| [Wm2] [W ’ m ‘ * mm[mm]
1 230 (day 1) 27400 21-216 4508 4.2-30 113
200 (day 2) 36438 103-322 5096 15.8-42.2 138
430 (total) 63838 21-322 9604 4.2-42.2 251
2 280 44812 102-241 7027 16-36 212
Range Intensify
0.1 -0.8 
0.4-1.0 0.1-1.0
0.5-1 1
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Figure 4.1: Phototoxic effects of dissolved oil on copepods and total PAC concentrations 
in the exposure water (experiment 1).
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Figure 4.2: Phototoxic effects o f dissolved oil on copepods and total PAC concentrations 
in the exposure water (experiment 2).
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Figure 4.3: Correlations o f phototoxicity. PAC concentration and light dose.
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Figure 4.4: Comparison o f  total light intensities measured on a c lear day and a day w ith 
intermittent disk visibility.
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Chapter 5
EGG PRODUCTION OF STARVED CALASLS M A R SH A L tA E  AND 
P SE L D O C A L A .M S  SPP.  AND THE POTENTIAL FOR THE DISTRIBUTION OF 
POLYAROM ATIC COMPOUNDS IN COPEPOD EGGS
Sw itgard Duesterloh. Juneau Center School of Fisheries and Ocean Sciences. University 
o f  Alaska Fairbanks. 11120 Glacier Highway. Juneau. Alaska 99801. USA
Prepared in the format o f  the Journal o f Plankton Research
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ABSTRACT
This study investigated the feasibility of  culture experiments to com pare egg production 
rates and surv ival o f  oiled and unoiled female Calanus m arshallae  and Pseiuiocalanus 
spp. copepods. Twenty C. m arshallae  were cultured and egg production and mortality 
were monitored over 28 days. Sixty Pseiuiocalanus spp. were maintained in culture wells 
and egg production and mortality were monitored over four days. Copepods in cultures 
were unoiled and not fed. C. m arshallae  had little mortality for the first two weeks: after 
four weeks in culture 50 survived. Spawning activity and mean egg production 
declined rapidly after the third day in culture. In Pseiuiocalanus spp. mortality increased 
from 5 c'( on the first day in culture to 36 c< on day four. Accordingly, spawning activity 
and egg production declined w ith each subsequent day. Egg production data from these 
experiments were used to calculate a sample si/e  for determining a significant difference 
in mean egg production between two treatments. For C. m arshallae  the experimental 
design was rejected based on high natural variability in egg production and the difficulty 
in obtaining large numbers o f  gravid females. High mortality and strong decline in egg 
production early in the experiment made Pseiuiocalanus spp. unsuited for the intended 
comparison o f  egg production rates between previously oiled and unoiled females, 
because o f  the duration o f  the oil exposure (24 hours prior to the start o f the incubation 
for egg counts). However, mortality increased more rapidly in 11 oiled female C. 
m arshallae  than in unoiled females after 19 days o f  starvation.
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INTRODUCTION
Eggs o f  previously oiled female copepods may receive polyaromatic com pounds (PAC) 
when lipids are incorporated into egg tissue. Copepods accumulate, store and release 
PAC when exposed to the water soluble fraction of oil (Lee 1975; Duesterloh et al.. 
2002). Because o f  the lipophilic properties of PAC. uptake has been suspected to be 
associated with lipid stores in copepods (Corner 1975). The seasonal lipid stores o f  large 
copepods in higher latitudes are mainly used for gonad developm ent and egg production 
(Evanson et al.. 2000; Hagen and Schnack-Schiel. 1996; Sargent and Falk-Petersen.
1988). High lipid contents o f  eggs were reported for Eucluieta ja p o n ic  a and Calanus 
pacijicus  (Sargent and Falk-Petersen. 1988).
If toxic PAC are passed from females to eggs, effects on viability, hatching rates and 
survival o f  offspring may occur. Reductions in reproduction rates in response to exposure 
to anthracene were observed with the water Ilea Daphnia m anna  ( Holst and Giesy. 1989). 
Depressed eopepod populations may negatively affect survival o f  higher trophic level 
consumers like fish, birds and marine mammals and influence the length and productivity 
of the phytoplankton bloom and sedimentation rates (Parsons and Lalli. 1988). 
Conversely, concentration and composition o f  the phytoplankton can influence eopepod 
production rates (Ban et al.. 1997; Frost 1985; Peterson 1988). Also, vertically migrating 
copepods carrying PAC may introduce these toxic compounds at depth when spawning. 
Differences in life history patterns and the number of  generations produced per year 
determine the timing and depth o f  egg release. For example. Pseiuiocalanus  spp. have
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continuous egg production throughout 6 - 7 months o f  the year while they are actively 
feeding in surface water (0 - 50 mi (Frost 1985: Paul et al.. 1990). In contrast, spawning 
o f  N eocalanus p lum chrus  is limited from January to mid April at depths below 300 m 
and is entirely dependent on internal lipid stores (Fulton 1973: Evanson et al.. 2000).
Toxic effects o f  oil may become evident only at times o f  mobilization o f  storage lipids. 
Thus, toxicity o f  oil to copepods may be underestimated in short term toxicity studies. 
Lethal concentrations (LD<J of oil to copepods vary widely from 1 to 1350 pg/Liter and 
are higher than for most other plankton taxa tested (Capuzzo 1987: Lee 1977). Some of 
the variation is due to differences in oil composition and test conditions. However, 
female E urytem ora affin is  treated w ith l4C-labeled naphthalene retained about 10 c'< of 
the radioactivity originally taken up and had by 25 r r reduced egg production and life 
span (Corner 1975). Feasibility of a comparison of  egg production of oiled and unoiled 
females o f  C alanus m arshallae  and Pseiuiocalanus spp. was tested in this study by 
evaluating the underlying natural \ariability in egg production and survival in cultures 
under conditions o f  food limitation. A comparison of  survival o f  oiled and unoiled female 
C. m arshallae  is presented and implications o f  delayed oil toxicity to copepods are 
discussed in this article.
METHODS
Zooplankton Collection
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C alanus m arshallae  samples were collected on July 25, 2000 in Lynn C anal, southeastern 
Alaska, w ith a 330 fim mesh open ring plankton net towed vertically from a maximum 
depth o f  100 m. Pseudocalanus  spp. were collected in Auke Bay on August 25. 2000 
w ith a 155 fitn mesh open ring plankton net towed vertically from a m axim um  depth of 
20 m.
Egg production experim ents
Females of C. m arshallae  and P seudocalanus  spp. were identified by microscopic 
examination and pipetted individually into test chambers containing filtered seawater.
Twenty C. m arshallae  were cultured in glass beakers with approximately 50 ml seaw ater 
in a constant-temperature w alk-in cham ber set at 6 :C. Egg production w as monitored on 
days 1. 3. 4. 6, 8, 10. 13. 15. 17. 19. 24 and 28 by microscopic exam ination. If eggs were 
present, they were counted and removed. The water in the test cham bers w as partially 
exchanged at every examination and completely exchanged twice weekly.
Sixty Pseudocalanus  spp. were cultured in 1 ml culture wells and maintained in a flow 
through water bath at ambient Auke Bay water temperature (10 - 12°C). M onitoring for 
survival and egg production was conducted microscopically every 24 hours. At this time, 
eggs were removed and the water in the test chambers was partially exchanged.
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Egg counts o f  C. marshallae were used to estimate a sample size that would be sufficient 
to detect differences in egg production between the means of two treatments (oiled and 
unoiled). Egg production values are presented as mean ± 1 standard deviation. The 
experim ent was assumed to resemble a simple random sample of spaw ning events in the 
natural population, and the number o f  egg clutches in the population w as assum ed large. 
The sample variance was calculated from all clutches in the experiment and used as an 
unbiased estimator for the population variance. Confidence limits were chosen at 0.95 
and the maximum allowable difference J  between the estimate and the true value was 
chosen to be 1.7 egg>. resembling approximately 10 c< o f  the maximum mean egg 
production in this experiment (Thompson 1992).
P ost-o il survival experim ent
Eleven female C. marshallae  were exposed to a low dose preparation (total PA C o f  -2  
ug/Liter) o f  the water soluble fraction of  weathered Alaska North Slope crude oil for 24 
hours. The flow-through exposure system and PAC composition of  the exposure w ater 
were reported (Duesterloh et al.. 2002). The exposure water contained primarily three and 
four ring PAC including naphthalenes, flourenes. dibenzothiophenes. phenathrenes and 
trace concentrations of ehrysenes. Follow ing the oil exposure, females w ere sorted into 
individual beakers containing - 5 0  ml of filtered seawater and maintained at 6 : C. As a 
control. 11 females that had not been treated with the oil preparation were cultured in the 
same way. Survival and egg production were checked daily until death; water was 
exchanged approximately every 48 hours.
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RESULTS
Egg production  experim ents
C. m arshallae  had less than 10 ac mortality for the first two weeks. In the third and fourth 
week mortality increased, but after four weeks in culture 50 ar o f  the initial females w ere 
still alive (F igure la).  Egg clutches contained between one and 54 eggs. For most females 
only one spaw ning event was observed but three females laid eggs twice during the 
experiment. The highest spaw ning activity was measured on day three (over 50 <7 o f  all 
females), then spawning activity dropped to < 5 - 15 *7 until day 13. when spawning 
ceased entirely. The time o f  cessation of  spawning activity was concurrent w ith an 
increase in mortality (Figure lb). Mean daily egg production varied from 17.6 (± 18.5) on 
day three to 0.05 (± 0 .2 )  on day 10 (all females included) (Figure 1c).
Over the course o f  the experiment w ith 20 females a total o f  22 egg clutches w ere 
recorded: four females did not spawn. Sample variance was calculated and used as an 
unbiased estimator for the population variance. With
6 -  = .s' = 242.
and the assumption that N =°o. equation ( I ) (Thompson. 1992) resolves to 138 egg
clutches. In this equation n is the sample size, d is the maximum allowable difference 
between the estimate and the true value, and z denotes the upper a /2  point o f  the standard
normal distribution.
136
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
137
n = +
(1)
Consequently. 138 egg clutches are needed per treatment to determine the mean daily egg 
production within the allowable range defined by d (± 1.7) with 95 *7 confidence. Since 
20 females produced 22 egg clutches. 126 females are needed to produce 138 egg 
clutches and 252 females would be needed for the two treatments (oiled and unoiled) o f  
the experiment. Limited availability of females in the study area precluded an experim ent 
of  that magnitude.
Pseiuloctilanus spp. had 5 r r mortality on day 1. 12.3 cf. 18 *7 and 36.6 r< on days two. 
three and four, respectively (Figure Id). Fecundity was between one and 16 eggs per day 
per female and females were observed to lay eggs on subsequent days. Mean egg 
production over all was 2.8 (± 3.9) on day one. 0.8 (± 1.7) and 0 . 1 (± 0.5) on days two 
and three, respectively, and dropped to zero on day 4 (Figure 5). If only producing 
females were included in the calculation, mean egg production was 4.5 i± 4.1) eggs per 
female per day on day one. 2.9 (± 2.4) on day two. and 2 (± 1) on day three (Figure If). 
Over 60 cc o f  females were spawning initially, but spawning activity dropped to 28 *7 
and less than 10 <7 on days 2 and 3. respectively (Figure le).
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Post-oil s u n iv a l  experim ent
For the first 17 days in culture mortality in the oiled and unoiled treatments was low (1 
female died in each treatment). Between day 18 and day 37 the mortality rate [‘T] in the 
oiled treatment was tw ice as high as in the unoiled treatment. On day 37 the experim ent 
was terminated w ith a total o f  10 deaths in the oiled treatment and 7 deaths in the unoiled 
treatment (Figure 2).
D ISC ISSIO N
Mean egg production in C. m arshallae  in this study w as lower than reported from 
laboratory cultured females fed excess amounts of  Thalassiosira w eissjlo^ii (Peterson
1988). but spaw ning continued for 14 days w ithout food. The range of clutch sizes ( 1 - 3 4  
eggs) coincides with the reported range of  1 -6 1  eggs per clutch (Peterson 1988). 
However, the highest mean daily egg production of  17.6 (± 18.5) measured in this study 
is approximately half of the values reported for the months of June to August (31.3 - 32.2 
eggs per clutch) (Peterson 1988). Cessation of  egg production in starved females was 
observed 24 hours after the start o f  the incubation w ithout food (Peterson 1988). 
Inconsistent with this finding. I observed the highest egg production during the 48 hour 
period between the first and third day in culture, and egg production continued at low 
rates until day 14. These differences in mean egg production and reproductive timing 
may be in part caused by temperature differences; incubations were at 6 3C in this study 
and at 10 'C  in the former. The size of egg clutches and the interval betw een c lu tches vary 
seasonally and between latitudes within species o f Calanus (Mauchline 1998). Based
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only on the variance observed in this experiment, a sample size to detect a difference in 
mean egg production between two treatments was estimated. Most C. m arshallae  in the 
net samples were stage V copepodites and females were rare in comparison. Thus, it was 
not feasible to conduct an experiment comparing effects o f  oil on egg production w ith 
this species.
The genus Pseiuiocalanus contains at least seven distinct species, four of  which ( P. 
m inutus. P. m oultoni. P. newmani. P. m im us) may occur in southeast Alaska (Frost
1989). Morphological differences between the species are slight and no attempt was 
made in this study to identify Pseiuiocalanus beyond genus. Mean egg production rates in 
Pseiuiocalanus spp. were studied in Auke Bay in 1987 and 1988 in 24-hour egg 
production assessments (Paul et al.. 1990). Thus, data gathered on day 1 in this study 
were directly comparable to the previous study. Egg production in this study was slightly 
higher when egg-producing and non-producing females were considered, but standard 
deviation was also higher (2.86 ± 3.9 and 2.6 ± 1.1). If non-producing females were not 
included in the calculation, mean egg production in this study was lower (4.53 ± 4 .1 )  than 
reported for 1987 (7.4 ± 3.7) and 1988 ( 8.3 ± 4 .5 )  (Paul et al.. 1990). Female 
P seudocalanus  spp. in this study in June 2000 produced fewer eggs than in April and 
May. 1987 and 1988 (Paul et al.. 1990), but the percentage o f  spawners was higher (~ 60 
cc). This is consistent with a proposed decline in egg production per female toward the 
end o f  a season due to aging, and a steady increase in the percentage of active spaw ners 
toward the later season (Paul et al.. 1990).
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Food availability is the principal factor influencing egg production rates in copepods 
(M auehline 1998). High mortality and strong decline in egg production early in the 
experim ent made Pseudocalanus spp. unsuited for the intended comparison o f  egg 
production rates between previously oiled and unoiled females, because o f  the dura tion  o f  
the oil exposure (24 hours prior to the start o f  the incubation for egg counts). The high 
mortality in the incubations with Pseudocalanus spp. was assumed to be an effect o f  
starvation. Generally, egg production increases as food concentration increases to achieve 
an asymptotic level (Mauehline 1998). However, egg production may be affected by food 
availability in some species and not in others; phytoplankton bloom conditions 
accelerated egg production in Calanus pacificus but not in the co-occurring 
P seudocalanus  sp. in Dabob Bay. Washington (Frost 1985). Inconsistent with my 
observation of  high starvation mortality and reduction in egg production. P seudoca lanus  
elonya tus  females incubated in filtered seawater resumed egg production for up to 6 days 
(Frost 1985). I conclude that starvation may have acted in synergism with another 
unidentified stress factor to cause the responses observed in these experiments with 
P seudocalanus  spp.
Low dosage oil exposure may adversely affect long term survival in copepods. C onsisten t 
w ith the reduced life span in oiled Eurytem ora affm is  (C om er 1975). mortality in 
previously oil exposed C. m arshallae females in this study occurred about three days 
sooner and at a higher rate then in unoiled females. In the current experiment egg 
production rates were not compared because o f  the small sample size. Calanus
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m arshallae  has previously been reported to have no immediate mortality in response to 
low dosage oil treatments as used in this experiment (Duesterloh et al.. 2002). However, 
due to their high lipid content these copepods readily bioaccumulate PAC from aqueous 
solution (accumulation factor ~8000). Although no data were collected on long term 
retention o f  PAC in this study, a 10 rc retention of naphthalene in female Eury temora  
affin is  and retention of  PAC by nauplii lasting throughout several life stages has been 
reported (Corner 1975). Like many high latitude copepod species, late stages of C. 
m arshallae  accumulate a lipid Ntore for gonad development, egg production and. to a 
les>er extent, metabolic needs during the w inter months (Evanson et al.. 2(XX): Sargent 
and Falk-Petersen. 1988). Because of the lipophilic properties of  PAC the majority of  
retained PAC may be assumed to be associated with the seasonal lipid stores in the lipid 
sac. 1 speculate that toxic PAC are not harmful to the copepods as long as they are stored 
in a metabolically inactive form. However, at times of  metabolic activation of the lipid 
stores, the toxic PAC may be reactivated and cause reduction in reproductive output and 
premature mortality.
Bioaccumulation and retention o f  toxic PAC and a reduction o f  reproductive success in 
copepods may impact trophic interactions in marine communities. Copepods concentrate 
PAC from a dilute solution in their environment and deposit them in their lipid stores, 
thus making them accessible to higher trophic level predators. Copepods are prey to 
many planktivores including forage fish and the juveniles o f  numerous commercial 
species (e.g.. salmon, pollock, herring) as well as some invertebrates. Feeding on oil
141
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contam inated  prey by pink salmon fry has been reported to reduce growth rates (Carls et 
al.. 1996). M ore research is necessary to assess the magnitude and possible impact o f this 
transport m echanism on natural fish populations.
Depressed eopepod populations resulting from decreased reproduction rates in response 
to oil exposure may interrupt the energy transfer from primary production to higher 
trophic level consumers. Copepods form an important link in the food chain by 
transforming primary production from phy toplankton into animal protein, accessible to 
predators such as fish. Exposure of several eopepod species to industrial waste discharge 
resulted in reductions in feeding rates, respiration rates and production rates. Toxic waste 
exposure was energetically equivalent to food limitation (Capuzzo 1985). Total egg 
production o f  a population, and other variables determine the population size of  the next 
generation. Low eopepod abundance resulting from reduced reproductive success may 
cause food limitation in those predators with limited mobility (e.g.. larval fish), while 
mobile predators disperse in search of  better food resources. The dependence of  larval 
fish recruitment on zooplankton stocks was demonstrated in Auke Bay. Alaska 
(H a ld o rso n e t  al.. 1993; Coyle and Paul. 1992). In Pseudocalanus  spp. female abundance 
at the time o f  the onset o f  the spring phy toplankton bloom was a more important factor 
for nauplii production and larval fish recruitment than the strength of  the phytoplankton 
bloom  (Paul et al.. 1990).
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The proposed association of PAC with the lipid stores o f  copepods suggests that w hen 
lipid stores are utilized for egg production. PAC are incorporated in egg tissue. 
Ontogenetic  vertical migration in copepods may transport PAC contained in egg tissue to 
depth, possibly introducing them into pelagic and benthic food chains. The synthesis of 
storage lipids from non-lipid dietary precursors and the utilization of lipids for gonad 
developm ent and egg production w as studied in detail for the copepods C. finm archicus  
and M etrid ia  longa  (Sargent and Falk-Petersen. 1988). Oil droplets were observed in 
freshly laid eggs of C. pacijicus  (Fulton 1973). C. pacijicus  is taxonomically very similar 
to C. m arshallae  but females have reduced mouth parts and do not feed, so that egg 
production is entirely dependent upon the lipid stores, w hereas in C. marshallae  egg 
production is dependent on food availability (Fulton 1973; Peterson 1988). This suggests 
that C. m arshallae  lay eggs w ithin the upper 50 m o f  the w ater column, w hich is their 
spring and sum m er habitat, while C. pacijicus  spawn at depths below 300 m (Fulton 
1973). The life cycles of  the larger species o f  the genus Xeocalanus. w hich dom inate the 
biom ass in high latitude offshore plankton com m unities (Cooney 1986) are generally 
sim ilar to that o f  C. pacijicus  in that only one generation is produced per year and 
spaw ning occurs at depth during the winter months (Miller and Clemons. 1988; Miller 
1993). Vertical transport o f  PAC in eggs thus depends on the predominant species of 
copepods and their life cycle, and may be o f  importance in some regions but not in 
others.
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Fig. 5.1: Comparison of  mortality, spawning activity and mean egg  production in females 
ot 20 Calanus m arshallae  and 60 Pseiuiocalanus spp. cultured without food for 28 (C. 
m arsha llae ) and 4 <Pseiuiocalanus spp.) days. Standard deviations o f  mean egg 
production, which are referred to in the text are given in parentheses.
Fig. 5.2: Mortality rates o f  11 oiled and 11 unoiled Calanus m arshallae  females in 
cultures without food. The 24 hr oil exposure occurred on day 1 at a concentration of ~2 
fig/L total PAC.
Figure captions
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Figure 5.1: Comparison of mortality, spawning activity and mean egg production.
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Figure 5 2: Mortality rates o f 11 oiled and 11 unoiled Calanus marshallae females.
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A ppendix 1. Sam ple codes, matrix and sam pling information. Original Chain o f  custody sheets. REF = 
reference sam ple (fixed in ethanol): LIP = lipid sample: REP or R = replicate: W -  water; TIS or T = 
tissue: lo w . I. medium, high. h. control, c. highhigh. dose all refer to various PAC concentrations in the 
exposure water. TO. T24 = start and end time o f  oil exposure, respectively; A B L  = Auke Bay 
Laboratory: PW S = Prince W illiam  Sound: Lab = Institute o f  Marine Science Laboratory. Seward: 
G A K  I = G u lf o f Alaska Station I : GO A = G ulf o f  Alaska; NC or N eocal. = N eocalanus: N. Hem. or 
tlem  = Xcocalanu.s Jlcmini>cri. N. plum, or plum = X eocalanus plum chrus: A ll tissue sam ples were 
copepodite stage V. this is som etim es noted as CV.
Chain of custody Form Serial # 11063
Assigned Collector’s Date Matrix Location Method etc
S am ple#  Sample code Collected SSpecies. etc Collected
151
- 01 01P4-W 0 7 1 2 0 0 W ater ABL
• 02 02P4-W 0 7 1 2 0 1 W ater ABL
- 03 03P4-W 0 7 1 2 0 2 W ater ABL
• 04 04P4-W 0 7 1 2 0 3 W ater ABL
- 05 05P4-W 0 7 1 2 0 4 W ater ABL
- 06 06P4-W 0 7 1 2 0 5 W ater ABL
- 07 07P4-W 0 7 1 2 0 6 W ater ABL- oa 08P4-W 0 7 1 2 0 7 W ater ABL
- 09 09P 4-T 0 7 1 2 0 8 Tissue ABL
- 10 10P4-T 0 7 1 2 0 9 Tissue ABL
-  11 11P4-T 0 7 1 2 1 0 Tissue ABL
- 12 12P4-T 0 7 1 2 1 1 Tissue ABL
• 13 01P5-W 0 7 1 8 0 0 W ater ABL
• 14 02P5-W 0 7 1 8 0 1 W ater ABL
- 15 03P5-W 0 7 1 8 0 2 W ater ABL
• 16 04P5-W 0 7 1 8 0 3 W ater ABL
- 17 05P5-W 0 7 1 8 0 4 W ater ABL
- 18 06P5-W 0 7 1 8 0 5 W ater ABL
- 19 07P5-W 0 7 1 8 0 6 W ater ABL
- 20 08P5-W 0 7 1 8 0 7 W ater ABL
- 21 09P 5-T 0 7 1 8 0 8 Tissue ABL
- 22 10P5-T 0 7 1 8 0 9 Tissue ABL
- 23 11P5-T 0 7 1 8 1 0 Tissue A8L
- 24 12P5-T 0 7 1 8 1 1 Tissue ABL
- 25 13P5-T 0 7 1 8 1 2 Tissue ABL
- 26 01P6-W 0 8 1 1 0 0 W ater ABL
- 27 02P6-W 0 8 1 1 0 1 W ater ABL
- 28 03P6-W 0 8 1 1 0 2 W ater ABL
- 29 04P6-W 0 8 1 1 0 3 W ater ABL
• 30 0 5P 6-W (T 24 ) 0 8 1 1 0 4 W ater ABL
- 31 0 6 P 6 -T (T 2 4 ) 0 8 1 1 0 5 Tissue ABL
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Appendix  I (eont.).
32 0 7 P 6 -T (T 2 4 ) 0 8 1 1 0 6 Tissue ABL
33 0 8 P 6 -T (T 2 4 ) 0 8 1 1 0 7 Tissue ABL
34 0 9 P 6 -T (T 4 8 ) 0 8 1 1 0 8 Tissue ABL
35 10 P 6 -T (T 4 8 ) 0 8 1 1 0 9 Tissue ABL
36 1 1P 6-T (T48) 0 8 1 1 1 0 Tissue ABL
37 12P 6-W (T 48) 0 8 1 1 1 1 W ater ABL
38 13 P 6 -T (T 9 6 ) 0 8 1 1 1 2 Tissue ABL
39 14P 6-T (T 96 ) 0 8 1 1 1 3 Tissue ABL
40 15P 6-T (T 96 ) 081 114 Tissue ABL
41 1 6P 6-T (T 96 ) 0 8 1 1 1 5 Tissue ABL
42 17 P 6-W (T 96 ) 081 116 W ater ABL
43 18P 6-W (T 96) 0 8 1 1 1 7 W ater ABL
44 l9 P 6 (b )-
W (T 9 6 )
0 8 1 1 1 8 W ater ABL
45 20P 6  (b t - 
W (T 9 6 )
081 119 W ater ABL
46 21 P 6(b)- 
T (T 9 6 )
0 8 1 1 2 0 Tissue ABL
47 22 P 6 (b )-
T (T 9 6 )
0 8 1 1 2 1 Tissue ABL
Chain of
Assigned 
Sample *
custody Form
Collectors 
Sample code
Date
Collected
Matrix
&Species. etc
Serial #
Location
Collected
Methoc
• 01 REF 11 0 4 1 6 0 1 20 Neocal. CV PWS open ri
- 02 LIP 1 1 REP 1 0 4 1 6 0 1 10 Neocal. CV FWS 200u
■ 03 LIP 1 1 REP 2 0 4 1 6 0 1 10 Neocal CV PWS
- 04 LIP 1 1 REP 3 0 4 1 60 1 10 Neocal CV PWS
- 05 W 1 1 low 0 4 1 8 0 1 water TO Lab 900m l
- 06 W  1 1 high 0 4 1 8 0 1 water TO Lab 900m l
- 07 W  1 1 control 0 4 1 8 0 1 water TO Lab 900m l
• 08 W  1 1 low 0 4 1 9 0 1 water T24 Lab 900m l
• 09 W 1 1 high 0 4 1 9 0 1 water T24 Lab 900m l
- 10 W 11 control 0 4 1 9 0 1 water T24 Lab 900m l
- 11 TIS 1.1 R1 low 0 4 1 9 0 1 10 NC PWS frozen
• 12 TIS 1 1R2IOW 0 4 1 9 0 1 10 NC FWS frozen
- 13 TIS 1 1 R 3 Io w 0 4 1 9 0 1 9 NC PWS frozen
- 14 TIS 1 1 Rlhigh 0 4 2 1 0 1 10 NC PWS frozen
• 15 TIS 1 1R2high 0 4 1 9 0 1 10 NC PWS frozen
- 16 TIS 1 lR3high 0 4 1 9 0 1 10 NC PWS frozen
• 17 TIS 1 1R1con 0 4 1 9 0 1 6 NC FWS frozen
- 18 TIS 1 1R2con 0 4 1 9 0 1 10 NC FWS frozen
• 19 TIS 1 1R3con 0 4 1 9 0 1 10 NC PWS frozen
- 20 W  2.1 high 0 4 2 0 0 1 water TO Lab 900m l
• 21 W  2 1 highhigh 0 4 2 0 0 1 water TO Lab 900m l
- 22 W  2 1 control 0 4 2 00 1 water TO Lab 900m l
- 23 W  2 1 high 0 4 2 1 0 1 water T24 Lab 900m l
- 24 W  2 1 highhigh 0 4 2 1 0 1 water T24 Lab 900m l
- 25 W  2 1 control 0 4 2 1 0 1 water T24 Lab 900m l
• 26 REF 1.2 0 5 0 1 0 1 20 NC GAK1 ETOH
- 27 LIP 1.2REP1 0 5 0 1 0 1 10 NC GAK1 frozen
11064
etc
ETOH
frozen
frozen
frozen
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Appendix 1 (c o rn .).
- 28 LIP 1 2REP2 0 5 0 1 0 1 10 NC GAK1 frozen
- 29 LIP 1 2REP3 0 5 0 1 0 1 10 NC GAK1 frozen
- 30 REF 13 0 5 0 2 0 1 20 NC PWS ETOH
- 31 LIP 1 3REP1 0 5 0 2 0 1 10 NC FWS frozen
- 32 LIP 1.3REP2 0 5 0 2 0 1 10 NC PWS frozen
- 33 LIP 1 3REP3 0 5 0 2 0 1 10 NC PWS frozen
- 34 W 1 2  control 0 5 0 2 0 1 water TO Lab 900m l
- 35 W  1 2 low 0 5 0 2 0 1 water TO Lab 900m l
- 36 W 1 2  high 0 5 0 2 0 1 water TO Lab 900m l
- 37 1.3DW  REP1 0 5 0 2 0 1 10 NC FW5 frozen
■ 38 1 3DW  REP2 0 5 0 2 0 1 10 NC FWS frozen
- 39 1 3DW  REP3 0 5 0 2 0 1 10 NC PWS frozen
- 40 1 2DW  AEP1 0 5 0 3 0 1 10 NC GOA frozen
- 41 1 2DW  REP2 0 5 0 3 0 1 10 NC GOA frozen
- 42 1 2D W  REP3 0 5 0 3 0 1 10 NC GOA frozen
- 43 W 1 2 control 0 5 0 3 0 1 water T24 Lab 900m l
- 44 W 1 2 low 0 5 0 3 0 1 water T24 Lab 900m l
- 45 W 1 2  high 0 5 0 3 0 1 water T24 Lab 900m l
■ 46 T 1 2 R 1  c 0 5 0 3 0 1 10 NC GOA frozen
- 47 T 1 .2  R 2 c 0 5 0 3 0 1 10 NC GOA frozen
■ 48 T 1 2 R3 c 0 5 0 3 0 1 10 NC GOA frozen
- 49 T 1 2 R1 I 0 5 0 3 0 1 10 NC GOA frozen
- 50 T 1 2 R2 I 0 5 0 3 0 1 10 NC GOA frozen
Chain of custody Form Serial # 1
Assigned Collector's Date Matrix Location Method
Sample * Sample code Collected &Species. etc Collected
- 01 T 1 2  R3I 0 5 0 3 0 1 10 NC CV GOA frozen
- 02 T 1 2 R lh 0 5 0 3 0 1 10 NC CV GOA frozen
- 03 T 1 2 R2h 0 5 0 3 0 1 10 NC CV GOA frozen
- 04 T 1 2  R3h 0 5 0 3 0 1 10 NC CV GOA frozen
- 05 W 1 3 control 0 5 0 4 0 1 water T24 Lab 900m l
- 06 W 1 3 low 0 5 0 4 0 1 water T24 Lab 900m l
- 07 W 1 3 high 0 5 0 4 0 1 water T24 Lab 900m l
- 08 T 1 3 R 1  c 0 5 0 4 0 1 10 NC CV PWS frozen
- 09 T 1 3 R2 c 0 5 0 4 0 1 10 NC CV PWS frozen
- 10 T 1 3 R 3 c 0 5 0 4 0 1 10 NC CV PWS frozen
- 11 T 1 .3 R 1  I 0 5 0 4 0 1 10 NC CV PWS frozen
- 12 T 1 3 R2 I 0 5 0 4 0 1 10 NC CV PWS frozen
■ 13 T 1 3 R3 I 0 5 0 4 0 1 10 NC CV PWS frozen
- 14 T 1 3 R1 h 0 5 0 4 0 1 10 NC CV PWS frozen
- 15 T 1.3 R2 h 0 5 0 4 0 1 10 NC CV PWS frozen
- 16 T 1 3 R3 h 0 5 0 4 0 1 10 NC CV PWS frozen
- 17 LIP 3.1 R1 0 5 1 4 0 1 10 NC CV Cape Clear frozen
- 18 LIP 3.1 R2 0 5 1 4 0 1 10 NC CV Cape Clear frozen
- 19 LIP 3.1 R3 0 5 1 4 0 1 10 NC CV Cape Clear frozen
- 20 REF 3 1 0 5 1 4 0 1 20 NC CV Cape Clear ETOH
- 21 DW 3 1 R1 0 5 1 4 0 1 10 N. flem. Cape Clear frozen
- 22 LIP 3.1 R1 Np 0 5 1 4 0 1 10 N. plum. Cape Clear frozen
- 23 LIP 3.1 R2 Np 0 5 1 4 0 1 10 N. plum. Cape Clear frozen
- 24 LIP 3.1 R3 Np 0 5 1 4 0 1 10 N. plum. Cape Clear frozen
etc
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Appendix I (cont.).
• 25 W 3.1 control 0 5 1 5 0 1 water TO Lab 900m l
• 26 W  3.1 dose 2 0 5 1 5 0 1 water TO Lab 900m l
- 27 W  3.1 dose 3 0 5 1 5 0 1 water TO Lab 900m l
- 28 W  3.1 dose 4 0 5 1 5 0 1 water TO Lab 900m l
• 29 W  3 1 control 0 5 1 6 0 1 water T24 Lab 900m l
- 30 W 3 1 dose 2 0 5 1 6 0 1 water T24 Lab 900m l
• 31 W 3 1 dose 3 0 5 1 6 0 1 water T24 Lab 900m l
- 32 W 3 1 dose 4 0 5 1 6 0 1 water T24 Lab 900m l
- 33 T 3 1 R1 c 0 5 1 6 0 1 10 NC CV Cape Clear frozen
• 34 T 3 1 R2 c 0 5 1 6 0 1 10 NC CV Cape Clear frozen
• 35 T 3 1 R3 c 0 5 1 6 0 1 10 NC CV Cape Clear frozen
- 36 T 3.1 R ldose 2 0 5 1 6 0 1 10 NC CV Cape Clear frozen
- 37 T 3 1 R2dose 2 0 5 1 6 0 1 10 NC CV Cape Clear frozen
- 38 T 3.1 R3dose 2 0 5 1 6 0 1 10 NC CV Cape Clear frozen
• 39 T 3 1 R ldose 3 0 5 1 6 0 1 10 NC CV Cape Clear frozen
• 40 T 3 1 R2dose 3 0 5 1 6 0 1 10 NC CV Cape Clear frozen
- 41 T 3 1 R3dose 3 0 5 1 6 0 1 10 NC CV Cape Clear frozen
• 42 T 3 1 R ldose 4 0 5 1 6 0 1 10 NC CV Cape Clear frozen
• 43 T 3 1 R2dose 4 0 5 1 6 0 1 10 NC CV Cape Clear frozen
- 44 T 3 1 R3dose 4 0 5 1 6 0 1 10 NC CV Cape Clear frozen
• 45 O W 3  1 R2 0 5 1 6 0 1 10 NC CV Cape Clear frozen
- 46 DW 3 1 R3 0 5 1 6 0 1 10 NC CV Cape Clear frozen
- 47 T 3 1 R4dose 3 0 5 1 6 0 1 10 NC CV Cape Clear frozen
- 48 T 3.1 R4dose 4 0 5 1 6 0 1 10 NC CV Cape Clear frozen
- 49 W 2.2 control 0 5 1 8 0 1 water TO Lab 900m l
• 50 W 2 2h>gh dose 0 5 1 8 0 1 water TO Lab 900m l
Chain of custody Form Serial * 1
Assigned Collector's Date Matrix Location Method
Sample » Sample code Collected SSpecies. etc Collected
- 01 W 2 2 control 0 5 1 9 0 1 water T24 Lab 900 mL
- 02 W2 2 high 0 5 1 9 0 1 water T24 Lab 900 mL
- 03 W5 1 control 0 5 2 2 0 1 W ater TO Lab 900 mL
- 04 W5 1 copis 0 5 2 2 0 1 W ater TO Lab 900 mL
- 05 W5.1 algae 0 5 2 2 0 1 W ater TO Lab 900 mL
• 06 W 1.4 control 0 6 0 1 0 1 W ater TO Lab 900 mL
- 07 W1 4 low 0 6 0 1 0 1 W ater TO Lab 900 mL
- 08 W1 4 high 0 6 0 1 0 1 W ater TO Lab 900 mL
- 09 REF 1 4 0 6 0 1 0 1 10 flem +10 plum GAK 1 ETOH
- 10 LIP 1.4 Rep 1.1 0 6 0 1 0 1 10 flem GAK 1 frozen
-  11 LIP 1.4 Rep 2 1 0 6 0 1 0 1 10 tlem GAK 1 frozen
- 12 LIP 1 4  Rep 3 1 0 6 0 1 0 1 10 flem GAK 1 frozen
- 13 LIP 1.4 Rep 1 2 0 6 0 1 0 1 10 plum GAK 1 frozen
- 14 LIP 1.4 Rep 2 2 0 6 0 1 0 1 10 plum GAK 1 frozen
- 15 LIP 1.4 Rep 3 2 0 6 0 1 0 1 10 plum GAK 1 frozen
• 16 DW 1.4 Rep 1 1 0 6 0 1 0 1 10 flem GAK 1 frozen
- 17 DW 1.4 Rep 2 .1 0 6 0 1 0 1 10 flem GAK 1 frozen
- 18 DW 1.4 Rep 3.1 0 6 0 1 0 1 10 flem GAK 1 frozen
• 19 DW 1 4  Rep 1.2 0 6 0 1 0 1 10 plum GAK 1 frozen
• 20 DW 1.4 Rep 2 .2 0 6 0 1 0 1 10 plum GAK 1 frozen
- 21 DW 1.4 Rep 3 .2 0 6 0 1 0 1 10 plum GAK 1 frozen
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Appendix 1 (cont.).
- 22 T IS  1 4 R1 con 0 6 0 2 0 1
- 23 TIS 1 4 R2 con 0 6 0 2 0 1
- 24 TIS 1 4 R3 con 0 6 0 2 0 1
- 25 TIS 1 4 R1 low 0 6 0 2 0 1
- 26 TIS 1.4 R2 low 0 6 0 2 0 1
- 27 TIS 1 4 R3 low 0 6 0 2 0 1
- 28 TIS 1 4  R1 high 0 6 0 2 0 1
- 29 TIS 1 4  R2 high 0 6 0 2 0 1
- 30 TIS 1.4 R3 high 0 6 0 2 0 1
- 31 TIS 1.4 R1 con 
Plum
0 6 0 2 0 1
- 32 TIS 1 4 R2 con 
Plum
0 6 0 2 0 1
- 33 TIS 1 4 R3 con 
Plum
0 6 0 2 0 1
- 34 TIS 1 4 R1 low 
Rum
0 6 0 2 0 1
- 35 TIS 1 4 R2 low 
Rum
0 6 0 2 0 1
- 36 TIS 1 4  R3 low 
Rum
0 6 0 2 0 1
- 37 TIS 1.4 R1 high 
Rum
0 6 0 2 0 1
- 38 TIS 1 4 R2 high 
Plum
0 6 0 2 0 1
- 39 TIS 1 4  R3 high 
Rum
0 6 0 2 0 1
- 40 W1 4 control 0 6 0 2 0 1
• 41 W1 4 low 0 6 0 2 0 1
- 42 W1 4 high 0 6 0 2 0 1
- 43 W 3 2 control 0 6 0 4 0 1
- 44 W 3 2 low 0 6 0 4 0 1
- 45 W 3 2 med 0 6 0 4 0 1
• 46 W 3 2 high 0 6 0 4 0 1
- 47 W 3.2 control 0 6 0 5 0 1
- 48 W 3 2 low 0 6 0 5 0 1
- 49 W 3 2 med 0 6 0 5 0 1
- 50 W 3.2 high 0 6 0 5 0 1
10 Hem GAK 1 frozen
10 flem GAK 1 frozen
10 flem GAK 1 frozen
10 flem GAK 1 frozen
10 flem GAK 1 frozen
10 flem GAK 1 frozen
10 flem GAK 1 frozen
10 flem GAK 1 frozen
10 flem GAK 1 frozen
10 plum GAK 1 frozen
10 plum GAK 1 frozen
10 plum GAK 1 frozen
10 plum GAK 1 frozen
10 plum GAK 1 frozen
10 plum GAK 1 frozen
10 plum GAK 1 frozen
10 plum GAK 1 frozen
10 plum GAK 1 frozen
water T24 Lab 900 mL
water T24 Lab 900 mL
water T24 Lab 900 mL
water TO Lab 900 mL
water TO Lab 900 mL
water TO Lab 900 mL
water TO Lab 900 mL
water T24 Lab 900 mL
water T24 Lab 900 mL
water T24 Lab 900 mL
water T24 Lab 900 mL
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
156
Appendix 2. PAC concentrations in exposure water (Chapter 2). Exp. = experiment; TO. 
T24 = start and end time o f  oil exposure
Controls
Exp.1 TO Exp. 1 T24 Exp. 2 TO
Exp. 2 T24, 
Exp. 3 TO Exp. 3 T24 Exp. 4 TO Exp. 4 T24
id = 1106407 1106410 1106434 1106443 1200905 1203206 1203240
qcbatch = R10041 R10041 R 10041 R10041 R10051 R10041 R 10041
vol (l)= 0.9 0.9 0.9 0.9 0.9 0.9 0.9
matrix = WATER WATER WATER WATER WATER WATER WATER
Analyte conc.(ng/l):
naphthalene 176.92 99.73 68.25 69.09 61.88 80.70 54.37
N1 220.20 84.70 54.24 49.59 35.97 54 71 37.48
C-2 naphthalenes 182.88 62.25 46.63 41.99 31.79 32.65 26.23
C-3 naphthalenes 302.07 119.04 86.09 77.03 44.07 46.18 32.73
C-4 naphthalenes 187.81 81.43 50.73 45.30 26.98 20.31 14.32
biphenyl 39.50 16.07 12.74 12.25 9.13 13.87 9.51
acenaphthylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
acenaphthene 185.97 66.85 43.22 38.62 28.98 51 57 35.91
fluorene 154.02 61.94 43.86 38.59 24.95 33.03 24.96
C-1 fluorenes 86.06 62.12 65.24 47.62 34.37 17.38 16.19
C-2 fluorenes 109.57 66.50 45.59 34.41 20.69 18.31 16.80
C-3 fluorenes 79.45 17.12 1820 11.15 0.00 0.00 0.00
dibenzothiophene 28.77 13.65 10.65 9.19 6.42 9.09 7.58
C-1 dibenzothioph. 30.45 4.24 4.57 4.15 5.80 8.91 7.53
C-2 dibenzothioph. 17.34 7.74 6.53 5.55 4.61 704 5.00
C-3 dibenzothioph. 37.48 20.71 6.33 5.77 6.84 6.23 2.93
phenanthrene 339.52 143.50 103.34 88.62 58.16 68.76 53.60
C-1 phenanth./anthr. 210.23 88.38 62.75 55.18 35.51 32.90 26 30
C-2 phenanth./anthr. 138.17 66.02 43.54 37.21 24.81 18.67 14.59
C-3 phenanth./anthr. 56.73 23.15 13.49 11.49 8.07 7 77 5.46
C-4 phenanth./anthr. 20.37 11.66 0.00 6.34 0.00 0.00 2.04
anthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
fluoranthene 47.70 20.23 15.93 11.78 7.62 10.05 8.09
pyrene 28.63 10.36 7.97 5.97 3.74 4.54 3.66
C-1 fluoranth./pyrenes 13.64 11.17 5.91 4.83 3.58 3.42 2.58
benz-a-anthracene 0.00 0.00 0.00 0.00 0.96 0.00 0.00
chrysene 6.60 0.00 0.00 0.00 0.00 0.00 0.00
C-1 chrysenes 5.56 0.00 0.00 0.00 0.00 0.00 0.00
C-2 chrysenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C-3 chrysenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C-4 chrysenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-b-fluoranthene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-k-fluoranthene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-e-pyrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-a-pyrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
indeno-123-cd-pyrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
dibenzo-a.h-anthr. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-g.h.i-perylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total PAC 2841.46 1207.34 849.14 744.46 504.82 566.82 422.35
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Appendix 2 (cont.) 
Low dose
Exp.1 TO Exp. 1 T24 Exp. 2 TO
Exp. 2 T24, 
Exp. 3 TO Exp. 3 T24 Exp 4 TO Exp. 4 T24
id = 1106405 1106408 1106435 1106444 1203207 1203241 1200906
qcbatch = R10041 R10041 R10041 R10041 R10041 R10041 R10051
vol (l)= 0.9 0.9 0.9 0.9 0.9 0.9 0.9
matrix = WATER WATER WATER WATER WATER WATER WATER
catno = RMB_081 RMB_081 RMB.081 RMB.081 RMB_081 RMB_081 RMB_081
Analyte conc.(ng/l):
naphthalene 222.98 80.90 76.61 67.13 86.08 66.06 66.97
N1 294.33 76.70 63.72 43.69 59.58 38.24 38.91
C-2 naphthalenes 339.20 129.51 126.97 113.15 95.64 72.04 92.98
C-3 naphthalenes 997 38 800.48 851.02 839.05 640.96 522.71 831.99
C-4 naphthalenes 788.31 617.61 572.16 570.03 470.21 384.47 593.53
biphenyl 44.47 14.48 13.62 11.00 15.18 9.88 9.47
acenaphthylene 2.05 0.00 0.00 0.00 0.00 0.00 0.00
acenaphthene 196.55 50.94 48.52 27.83 65.60 39.61 25.66
fluorene 242.36 92.47 102.32 76.12 89.04 58.64 61.21
C-1 tluorenes 452.89 331.00 395.34 321.66 294.68 216.93 315.19
C-2 tluorenes 607.47 447.31 413.48 399.67 366.95 286.53 418.06
C-3 tluorenes 283.36 197.48 176.86 173.92 159.46 127.30 180.75
dibenzothiophene 357.87 328.90 294.73 298.38 250.97 220.69 271.90
C-1 dibenzothiophenes 553.88 544.76 451.05 483.34 408.08 373.95 498.40
C-2 dibenzothiophenes 312.88 296.71 220.92 258.27 225.37 206.09 285.66
C-3 dibenzothiophenes 115.02 81.02 64.72 70.11 61.64 55.78 85.45
phenanthrene 1006.50 666.12 595.05 553.42 490.79 406.86 506.94
C-1 phenanthr./anthr. 1458.00 1271.15 1043.92 1091.79 937.79 841.54 1143.08
C-2 phenanthr./anthr. 798.49 637.95 510.96 537.69 465.79 409.70 591.67
C-3 phenanthr./anthr. 253.65 161.28 120.50 121.97 109.70 97 42 137.70
C-4 phenanthr./anthr. 31.79 22.27 15.80 12.86 10.87 8.94 16.27
anthracene O.OC 6.93 0.00 6.64 0.00 4.67 0.00
fluoranthene 73.72 24.43 20.97 1347 15.00 11.06 11.60
pyrene 57.90 24.94 20.59 16.48 15 80 11.99 16.24
C-1 fluoranth./pyrenes 91.93 47.70 35.30 32.59 30.08 23.24 34.47
benz-a-anthracene 11.48 1.89 1.50 0.00 0.00 0.00 1.90
chrysene 32.04 18.13 14.64 14.02 11.87 11.07 16.77
C-1 ehrysenes 44.88 16.82 12.87 10.47 10.17 6.77 11.79
C-2 ehrysenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C-3 ehrysenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C-4 ehrysenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-b-tluoranthene 9.55 0.00 0.00 0.00 0.00 0.00 0.00
benzo-k-tluoranthene 9.84 0.00 0.00 0.00 0.00 0.00 0.00
benzo-e-pyrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-a-pyrene 29.65 0.00 0.00 0.00 0.00 0.00 0.00
perylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
indeno-123-cd-pyrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
dibenzo-a.h-anthr. 22.74 0.00 0.00 0.00 0.00 0.00 0.00
benzo-g.h.i-perylene 19.15 0.00 0.00 0.00 0.00 0.00 0.00
Total PAC 9762.28 6989.89 6264.12 6164.73 5387.31 4512.17 6264 56
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A ppendix  2 (cont.). 
High dose
Exp.1 TO Exp. 1 T24 Exp. 2 TO
Exp. 2 T24, 
Exp. 3 TO Exp. 3 T24 Exp. 4 TO Exp. 4 T24
id = 1106406 1106409 1106436 1106445 1200907 1203208 1203242
qcbatch = R10041 R10041 R10041 R10041 R 10051 R10041 R10041
vol (l)= 0.9 0.9 0.9 0.9 0.9 0.9 0.9
matrix = WATER WATER WATER WATER WATER WATER WATER
catno = RMB_081 RMB_081 RMB_081 RMB_081 RMB_081 RMB_081 RMB_081
Analyte conc. (ng/l):
naphthalene 157.17 132.15 62.23 63.27 92.24 61.81 71.65
N1 335.91 314.56 62.53 64.64 56.38 39.33 40.10
C-2 naphthalenes 1474.68 1510.85 494.50 526.69 547.75 102.76 97.08
C-3 naphthalenes 2698.08 2705.04 1967.47 2038.51 2210.12 995.75 916.15
C-4 naphthalenes 1199.09 1196.05 900.84 926.45 994.40 623.27 498.98
biphenyl 67.28 65.14 14.97 15.44 14.84 9.90 10.76
acenaphthylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
acenaphthene 107.39 92.12 33.31 27.79 26.96 37 37 48.32
fluorene 428.41 414.94 194.42 192.81 181.64 114.80 104.92
C-1 fluorenes 850.37 918.33 604.54 598.88 634.26 472.09 419.32
C-2 fluorenes 870.67 860.30 567.17 585.80 618.70 509.24 446.28
C-3 fluorenes 327.19 366.08 229.51 248.66 253.01 217.54 181.00
dibenzothiophene 1019.17 998.69 659.81 691.79 725.88 600.82 539.53
C-1 dibenzothioph. 807.95 791.18 647.15 686.47 765.65 651.98 578.37
C-2 dibenzothioph. 372.34 331.08 287.14 310.14 347.46 306 79 268.54
C-3 dibenzothioph 69.93 52.93 62.06 66.59 81.25 66.94 60.92
phenanthrene 1617.24 1627.08 1021.13 1067.27 1115.74 968.24 857.16
C-1 phenanthr./anthr. 1792.79 1802.08 1369.70 1478.16 1627.60 1430.89 1267.85
C-2 phenanthr./anthr. 772.55 738.06 553.14 618.24 673.50 583.40 516.42
C-3 phenanthr./anthr. 208.73 194.64 128.17 147.94 159.60 144.36 124.27
C-4 phenanthr./anthr. 27.57 26.66 14.11 17.26 15.77 14.71 12.08
anthracene 10.58 0.00 8.80 9.63 8.79 0.00 0.00
fluoranthene 38.41 37.88 12.26 12.09 9.94 12.21 12.04
pyrene 35.25 34.15 16.41 17.56 17.68 15.52 14.29
C-1 fluoranth./pyrenes 65.15 62.00 33.08 36.30 35.69 35.20 32.11
benz-a-anthr. 5.37 5.53 0.00 0.00 0.00 0.00 0.00
chrysene 23.37 21.38 13.70 15.25 17.15 13.46 12.34
C-1 chrysenes 30.23 26.27 10.65 13.54 12.50 8.15 7.49
C-2 chrysenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C-3 chrysenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C-4 chrysenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-b-fluoranth. 8.59 6.25 0.00 0.00 0.00 0.00 0.00
benzo-k-fluoranthene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-e-pyrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-a-pyrene 5.86 9.25 0.00 0.00 0.00 0.00 0.00
perylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
mdeno-123-cd-pyrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
dibenzo-a.h-anthr. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzo-g.h.i-perylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total PAC 15427.33 15340.65 9968.81 10477.17 11244.49 8036.52 7137.96
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Appendix 3. PAC concentrations in eopepod tissue (Chapter 2). String = set of samples in analytical
process: see Appendix 2 for unabbreviated PAC analytes.
E x p e rim e n t 1
Arom atic Data High Low Control
Stnng 101501SD
sam ple ID 1106414 1106415 1106416 1106411 1106412 1106413 1106417 1106418 1106419
w et weight ig) 0 0232 0 0224 0 0247 0 0305 0 0262 0 0236 0 0036 0 0184 0 0302
m atnx TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE
Surrogate Recovenes l°o l
N APHTHALEN E d-8 80 47 86 20 80 89 89 73 66 84 88 04 98 43 93 62 81 96
A C ENAPH TH EN E d-10 81 81 87 87 83 11 87 22 67 92 89 98 99 97 93 28 81 78
PH ENAN TH R ENE d-10 81 93 89 58 84 74 92 52 69 88 90 30 101 26 94 81 91 89
C HR VSEN E d-12 77 29 85 06 80 98 82 51 66 22 84 63 93 59 83 73 77 03
BEN ZO -a-PYR ENE d-12 84 24 94 81 96 85 66 65 78 89 92 49 89 82 91 89 94 41
PERYLENE d-12 86 21 91 68 96 74 79 21 82 10 94 97 91 19 86 85 86 65
Analyte concentrations m g g i data error
NO o o o 0 0 0 0 00 OOO 0 00 OOO C 00 0 00
N1 177 83 164 89 163 78 0 0 0 0 0 0 0 0 0 0 00 0 00
N2 1008 12 869 20 1201 76 107 69 151 63 181 87 127 74 88 59
N3 2458 39 2091 73 2866 91 606 14 832 35 1070 59 169 46 78 50
N4 600 60 750 36 865 29 278 26 364 05 575 55 0 00 0 00
bip 0 0 0 OOO 0 0 0 0 0 0 0 0 0 0 0 0 0 00 0 00
ace 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00
acn 200 06 0 0 0 136 93 0 00 134 26 153 14 195 38 106 20
FO 294 62 0 0 0 300 80 0 00 0 0 0 OOO 0 GO 0 00
F 1 712 83 665 77 892 72 283 84 379 22 455 42 0 00 0 00
F2 539 53 585 47 794 40 344 05 484 24 620 10 0 00 0 00
F3 0 00 0 0 0 0 00 0 00 0 00 0 0 0 0 00 0 00
DO 745 86 681 69 949 95 242 86 310 57 354 71 0 00 C '00
D1 845 78 784 26 999 34 463 00 677 28 854 65 0 00 0 00
D2 502 46 457 53 551 25 276 33 491 10 591 67 0 00 G 00
D3 180 41 0 00 207 20 0 00 185 98 229 41 0 00 0 00
P0 1659 37 1327 96 1666 81 666 44 790 08 921 27 255 87 211 20
P1 1644 67 1502 80 1995 89 1 764 78 1317 09 1708 52 0 0 0 0 '00
P2 1019 84 914 29 1107 73 782 53 1031 12 1269 64 0 00 0 00
P3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 OOC 0 00 0 00
P4 ooo 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 0 00
ant 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 0 00
tla 0 0 0 GOO 0 0 0 0 0 0 0 0 0 ooo 0 00 0 00
pyr 0 0 0 0 0 0 OOC 0 00 OOO 0 0 0 0 00 0 oo
C ltp 0 00 0 GO C 00 0 00 0 00 0 00 G 00 0 00
baa 0 OO 0 00 C 00 0 00 0 0 0 0 00 000 0 00
CO 0 00 C 00 0 00 0 00 0 00 000 0 00 0 oo
C l 0 oo 000 0 00 0 00 0 00 000 0 00 0 oo
C 2 000 0 00 000 ooo 0 00 000 000 0 00
C 3 ooo 000 000 OOC 000 000 000 0 00
C 4 000 000 000 000 C 00 0 00 000 0 00
bbt 000 000 000 000 000 0 00 000 0 00
bkt 000 000 000 000 0 00 000 000 0 00
bep ooo 000 000 000 ooo 000 0 00 0 00
bap 0 0 0 000 000 ooo 0 0 0 0 0 0 0 00 0 00
per 0 0 0 000 000 000 0 0 0 0 0 0 000 0 00
icp 0 0 0 000 000 000 0 0 0 0 0 0 0.00 0 00
daa 000 000 000 0 00 0 0 0 0 0 0 000 0 00
bgp 000 000 000 000 0 00 0 00 000 0 00
T o ta l PAC 12690 36 10795 95 14700 78 5815 93 7148 96 8986 53 748 46 484 48
M ean 12729 7317 616
S ta n d , dev. 1953 1592 187
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Appendix 3 (cont.)
Experiment 2
Arom atic Data Hign Low Control
String 101501SD
sam ple ID 1200902 1200903 1200904 1106449 1106450 1200901 1106446 1 1X 44 7 1 1 X 4 4 8
wetwt lg) = 003 3 6 0 0263 0 0296 0 0278 0 0 X 2 0 0327 0 0296 0 0 X 2 0 0313
m atnx = TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE
Surrogate Recovenes i"o i
NAPHTHALENE d-8 84 80 82 76 78 20 86 86 90 51 11466 84 22 93 31 82 X
AC ENAPHTHENE d-10 85 68 85 12 82 99 89 55 92 59 112 18 88 77 95 64 87 87
PHENANTHRENE d-tO 88 62 89 03 87 17 91 37 92 67 115 75 93 21 98 51 92 47
CHR VSEN E d-12 95 08 79 60 95 31 93 45 82 41 111 54 89 22 94 02 92 60
BENZO-a-PYRENE d-12 103 17 81 81 96 20 98 91 92 76 126 85 ’ 01 58 99 14 95 42
PERYLENE d-12 97 66 86 44 98 39 96 21 90 40 126 38 98 86 97 78 92 71
Analyte concentrations (n g g i
NO 0 0 0 244 58 0 OO 0 0 0 O X 0 00 O X o c o 0 X
N1 COO 0 00 0 0 0 143 91 O X 0 X 0 00 o x 0 X
N2 759 10 929 05 908 50 266 07 228 66 130 03 104 07 95 X 102 35
N3 3 X 1  03 3894 05 3810 93 ’ 680 67 1371 13 1410 18 96 89 X  57 85 45
N4 939 87 1332 13 1410 58 81303 509 88 544 90 O X 0 00 O X
Dip 0 00 0 00 OOO 0 00 O X O X 0 00 o x O X
ace o o o o o o 0 0 0 0 0 0 O X 0 00 o x 0 X O X
acn 0 00 0 0 0 0 0 0 0 0 0 O X o x 123 99 0 X 0 00
FO 247 70 292 45 278 15 0 0 0 O X 0 00 0 00 o x 0 00
Ft 1135 60 1249 94 1295 54 624 31 525 19 587 82 o x o x 0 00
F2 1101 93 1313 16 1344 24 884 75 777 03 842 39 o x GOO 0 00
F3 219 52 0 0 0 328 29 227 82 O X 231 58 0 X o x 0 X
DO 1029 59 1272 99 1250 06 511 49 457 79 466 21 0 00 o x 0 00
D t 1330 36 1536 33 1568 06 1086 51 928 17 967 02 0 X 0 00 0 00
D2 789 38 874 63 902 95 744 21 587 63 677 X 0 X 0 00 0 00
D3 273 45 308 08 302 5 7 249 66 254 92 266 53 o x 0 00 C 00
PO 1 779 14 2160 28 2109 57 1068 83 910 62 X 9  41 0 00 0 00 0 00
P i 2599 70 2876 16 3040 78 2247 81 1891 22 2 X 9  78 0 X 0 00 C 00
P2 1589 16 1806 63 1819 56 1487 06 1265 59 1442 00 0 00 0 00 G X
P3 339 73 325 43 412 00 0 0 0 0 00 293 63 o x 0 00 0 X
P4 0 00 0 00 0 00 0 0 0 0 00 0 00 0 00 0 00 0 X
ant 0 oo 0 00 0 00 0 00 0 00 0 X 0 00 o x 0 X
*ia 0 0 0 0 0 0 0 00 0 00 o x o x o x 0 00 0 X
pyr o o o 0 0 0 0 0 0 0 00 o x o x 0 00 0 00 o x
C ttp 221 19 0 0 0 0 00 c o o o x o x 0 00 o x 258 19
Daa o o o 0 0 0 0 0 0 0 00 o x 0 X 0 00 0 X 0 X
CO OOO 0 0 0 o o o o o o o x o x 0 00 o x 140 8 ’
C t 0 00 0 0 0 o o o 0 0 0 o x 0 X 0 00 0 00 0 X
C2 o o o 0 00 0 0 0 G OO o x o x 0 00 o x o x
C3 0 0 0 o o o 0 00 o o o 0 00 o x 0 00 0 00 0 00
C4 0 oo 0 0 0 0 00 0 0 0 o x o x 0 00 0 00 o x
DDf o o o 0 0 0 0 0 0 0 0 0 o x o x 0 00 0 X o x
Ckf 0 00 0 00 0 0 0 0 0 0 0 00 0 00 o o c 0 00 0 00
Dep 0 00 0 0 0 0 00 0 0 0 0 X o x o x 0 00 0 00
Dap 0 00 0 0 0 0 00 0 0 0 o x 0 X o x o x 0 X
per 0 00 0 0 0 0 00 0 0 0 0 00 Q 00 0 00 a x 0 00
'CP 0 00 0 0 0 c o o o o c o x 0 00 0 00 o x o x
daa 0 00 0 0 0 0 0 0 0 00 0 X o x 0 00 o x 0 00
Dgp 0 00 0 0 0 0 0 0 0 0 0 640 76 0 00 0 00 o x 0 00
ToUl PAC 
Mean
Stand, dev.
17656.45
19618
1709
20415 90 20781 78 12036 13 
11071 
869
10348 61 10829 38 324 95 
368 
201
191 62 586 81
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Appendix 3 (cont.)
Experiment 3
Arom atic Data
Stnng 101501 SO
Higti Low Control
sam ple ID 1200914 1200915 1200916 1200911 1200912 1200913 12X 90 8 1 2 X X 9 1 2 X 9 1 0
w etwt (g;= 0 0451 0 0447 0 0526 0 049 0 0487 0 0596 0 0339 0 0455 0 0465
m atrix = TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE
Surrogate Recovenes (%)
NAPHTHALENE d-8 88 75 85 17 95 28 83 56 84 08 91 46 84 11 X  02 86 27
AC ENAPH TH EN E d-10 90 56 87 75 93 68 87 40 87 43 90 96 85 68 89 X 87 56
PHENANTHRENE d-10 91 38 90 37 94 64 91 02 90 66 90 53 88 69 91 17 89 07
CHRYSENE d-12 100 14 97 07 101 78 98 40 84 04 98 74 95 61 98 77 96 06
BENZO-a-PYRENE d-12 103 24 101 86 107 86 104 99 96 34 102 15 101 44 108 92 101 42
PERYLENE d-12 102 34 100 38 104 92 105 92 96 21 99 43 99 36 101 49 99 17
Analyte concentrations (ngg)
NO 150 43 162 25 11840 132.34 128 51 111 42 21962 138 36 133 62
N1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 O X 0 00 0 X
N2 582 56 683 52 524 32 98 27 130 23 123 77 1 X 0 3 66 31 92 25
N3 2289 30 2599 47 1963 32 822 92 897 96 706 00 153 71 95 X 1 14 48
N4 800 53 839 76 651 92 292 57 375 67 292 33 0 X 0 X 0 00
dip 0 0 0 OOC 0 0 0 0 0 0 0 OO 0 0 0 0 X o x 0 X
ace 0 00 0 0 0 0 00 0 0 0 0 0 0 C 00 O X 0 00 0 X
acn 57 97 80 84 0 0 0 57 83 0 0 0 0 00 82 66 97 32 83 72
FO 192 34 215 53 172 85 0 00 0 00 0 00 0 X 0 X 0 X
F 1 816 15 929 37 691 31 367 52 355 73 279 62 0 X 0 CO 0 X
F2 760 89 875 61 529 98 301 58 570 34 419 34 0 X 145 66 C X
F3 139 27 189 07 159 86 0 00 130 75 0 00 0 00 0 X 0 X
DO 753 34 849 74 668 23 247 94 268 85 213 30 0 X j  oo C X
D1 922 97 1038 50 786 43 531 31 578 98 451 28 0 X 0 00 0 X
D2 51922 571 41 436 81 372 01 406 49 3 1 5 2 3 G X 0 00 J X
D3 175 72 188 28 134 42 157 64 166 88 ’ 09 53 0 X 0 00 0 X
PO 1303 98 1456 05 1129 47 552 91 579 67 459 10 I X  18 87 85 92 40
P i 1 744 38 1960 03 1509 56 1011 19 1139 40 871 48 0 X 0 00 0 X
P2 996 22 1101 16 8 1 7 6 7 720 56 832 82 596 76 C X 0 X 0 X
P3 242 44 235 44 192 79 180 10 0 00 144 53 0 X 0 X 0 X
P4 0 00 0 0 0 0 0 0 0 0 0 0 00 0 00 0 X 0 00 C X
ant 0 00 OOO 0 '30 0 00 0 00 0 00 0 X 0 X 0 X
tla 0 0 0 OOO 0 0 0 0 0 0 0 0 0 0 00 0 X 0 00 0 X
pyr 0 0 0 OOO 0 0 0 0 00 0 oo 0 oo 0 X 0 00 0 X
d t p 3 '7  94 285 15 0 0 0 0 00 0 00 0 00 0 X 0 00 0 X
baa 0 00 0 00 0 0 0 0 00 0 00 0 00 0 X 0 00 0 X
CO 0 00 0 00 0 0 0 0 0 0 0 00 0 00 0 X ’ 01 61 C X
C1 0 0 0 0 0 0 0 00 0 00 0 00 0 00 0 X 3 CO 0 X
C2 0 0 0 0 0 0 0 0 0 0 00 0 00 0 'X 0 X 0 00 0 X
C3 0 00 0 0 0 0 0 0 0 00 0 oc 0 0 0 0 X G 00 G X
C4 0 0 0 0 0 0 0 0 0 0 00 0 CO 0 X 0 X 0 oo 0 CO
Dbf 0 0 0 0 0 0 o o o 0 00 0 0 0 0 X 0 X 0 00 0 X
bkt 0 00 OOC 0 0 0 0 00 o c o o x 0 X 0 CO 0 X
Pep 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o x 0 X 0 00 0 X
bap 0 0 0 0 0 0 0 0 0 0 00 0 00 0 X 0 X 0 00 0 X
per 0 00 0 0 0 0 0 0 000 000 o x 0 X 0 00 0 X
ICO 0 0 0 c o o 000 0 0 0 000 o x 0 X 0 00 o x
daa ooo 000 0 0 0 000 000 o x o x 0 X 0 X
bgp 000 0.00 0 0 0 0 0 0 000 o x o x 0 X 0 X
Total PAC 
Mean
Stand, dev.
1276565 
12505 
1900
14261 22 10487 33 5846 70 
5834 
734
6 5 6 2 2 8 5093 69 698 19 
642 
109
712 41 516 48
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Appendix 3 (cont.)
Experiment 4
Aromatic Data Higti Low Control
Stnng 101501SD
sample ID 120322S 1203229 1203230 1203225 1203226 1203227 1203222 1203223 1203224
w etwt (g)= 0 03 0 0242 0 0268 0 03 0 03 0 03 0 0239 0 023 0 0209
m atnx = TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE
Surrogate R ecovenes i S i
N APHTHALENE d-8 93 05 87 89 84 64 91 68 74 35 89 91 86 G5 85 00 20 80
ACENAPH TH EN E d-10 89 45 89 12 86 82 90 66 77 00 86 45 89 02 86 53 21 42
PH ENAN TH R ENE d-tO 89 77 90 79 38 07 99 ’ 6 71 70 85 05 90 55 87 50 19 09
CHRYSENE d-12 86 10 81 11 85 14 89 11 69 84 82 97 91 27 83 25 18 51
BEN ZO -a-PYR ENE d-12 95 93 80 79 94 23 94 93 79 43 93 10 97 11 95 19 22 40
PERYLENE d-12 91 68 86 43 95 22 99 52 76 52 92 27 93 50 98 10 22 14
Analyte concentra tions (n g g )
NO 0 0 0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0 00 0 00
N1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 OOC OOC 195 65
N2 173 22 220 47 236 68 150 12 161 81 108 54 94 03 123 42 250 01
N3 1590 89 1808 48 2137 29 1204 81 1102 59 821 40 241 00 100 16 204 53
N4 595 13 71001 1011 94 533 01 562 44 458 88 0 0 0 COO 0 00
&p 0 0 0 0 0 0 0 0 0 0 OO 0 0 0 OOC 0 0 0 0 00 0 00
ace COO 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 00 0 00 0 00
acn 128 n 154 45 136 50 124 08 118 44 122 07 0 00 0 00 o o o
FO 0 00 0 0 0 0 00 0 00 0 0 0 0 0 0 0 00 0 00 0 oo
FI 696 04 761 56 893 02 504 79 398 96 277 67 0 00 3 00 3 00
F2 805 05 844 76 1016 80 692 37 581 94 449 13 3 00 3 00 0 00
F3 0 0 0 0 00 224 12 0 00 234 96 0 00 0 00 0 00 3 00
DC- 695 C7 753 12 929 43 36 7 30 337 77 228 85 0 00 3 Ol 3 00
01 1062 67 1185 07 1378 10 817 72 822 44 588 40 0 00 3 30 3 30
D2 642 93 738 99 817 75 599 06 523 43 447 42 0 00 3 00 3 00
□3 224 09 269 04 288 48 222 41 0 0 0 1 72 97 0 00 0 00 3 30
PO 1311 19 1497 29 1729 45 787 45 752 42 529 76 0 00 0 00 0 00
P I 2198 01 2310 58 2744 64 1664 13 1860 24 1182 18 0 00 0 00 0 oo
P2 1264 04 1524 09 1635 67 1206 10 1244 44 893 62 0 00 0 00 0 00
P3 0 0 0 0 0 0 340 59 0 OO 0 0 0 183 49 0 00 0 0 0 3 00
P4 0 0 0 0 00 0 0 0 0 00 0 0 0 0 00 0 0 0 0 00 0 00
ant 0 0 0 0 00 0 00 0 OO 0 00 0 0 0 0 oo o o o 0 00
tla 0 00 0 00 0 00 0 00 OOO 0 X 0 00 O'30 0 00
pyr 0 00 0 00 0 00 0 00 0 00 o o c 0 00 0 00 449 10
C lip 0 00 0 00 0 00 0 'OO 0 00 0 00 0 00 C 00 0 00
baa 0 00 C 00 0 00 0 00 0 00 0 00 0 CO 0 00 0 00
CO 0 00 0 00 0 00 0 00 0 OO 0 00 0 00 3 00 0 00
C l 0 00 0 00 281 69 0 00 COO 0 '30 J 00 3 00 0 00
C2 0 00 o o o 0 00 0 00 0 00 0 30 V '-jC 0 00 C 00
C3 0 00 0 00 0 00 C 00 0 00 0 00 0 00 0 00 0 00
C4 0 0 0 0 00 207 61 0 00 0 00 0 '30 0 00 0 00 3 00
bbf 0 0 0 0 0 0 0 0 0 0 00 0 0 0 OOC 0 'OO 0 CO 0 -00
bw 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0 00 0 00 o x
bep 0 0 0 oco 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o o o C X
bap 0 0 0 coo 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 o x
per 0 0 0 0 0 0 OCO 0 0 0 0 0 0 0 0 0 0 0 0 ooo 1119 49
icp 0 0 0 ooo 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O X
aaa 0 00 0 0 0 0 00 0 0 0 0 00 0 00 0 00 0 0 0 o x
bgp 0 0 0 0 00 0 00 ooc 0 00 0 00 0 00 0 00 o x
Total PAC 
Mean
Stand, dev.
11386 45 
13391 
2372
12777 91 16009 75 8873 35 
8013 
1344
8701 85 6464 39 335 03 
926 
1121
223 58 2218 77
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Appendix 4. Lipid content, wet and dry weights, lipid composition of Xeocahmus. (Chapter 2): 
Lipid content table shows sample wet weights and lipid weights after extraction and drying. Lipid 
cc dry weight is calculated with the dry weights from wet and dry weights table (below ). See 
Appendix I for sample ID and abbreviations.
163
Lipid content gravimetnc method
vial lull vial Mean St Dev lipid wgt Mean St dev iipid°o sampling location sample species
empty dry date s i;e
11064 02 3 21278 3 19312 0 01966 0 00120 9
03 3 2411 3 22043 0 02067 0 00134 10
04 3 22302 3 20238 0 02064 0 0203 0 0006 0 00110 0 00121 000012 16 9 4 ' 041601 PWS 10 N flem
11064 27 3 15983 3 13203 0 02780 0 00394 10
28 3 17662 315068 0 02594 0 00260 10
29 3 17729 313484 0 04245 0 0321 0 0090 0 00376 0 00343 0 00073 87 5 9 " 050101 GAK1 to N flem
'1 36 4  31 3 ’ 2846 3 0936 0 03486 0 00470 9
32 3 15317 3 11344 0 03973 0 00626 10
33 3 17945 313292 9 04653 0 0404 0 CCS9 0 00622 0 00573 0 OOC89 79 94 050201 PWS 10 N flem
'2 00 9  17 3 13907 3 12131 0 0 ’ 776 0 00126 10
18 3 11241 3 09678 0 01563 0 00090 10
19 3 13641 3 11812 0 01829 0 0172 0 0014 0 000% 0 00104 0 00019 84 10’ " 051401 Cape 10 N flem
Cleare
12009 22 3 15951 313394 0 02557 0 001 18 10
23 3 18837 3 1665 0 02187 0 00092 10
24 3 19811 3 1 5083 0 04728 0 0316 0 0137 0'00104 0 0 0 1 0 5  0 00013 84 64 — 051401 Cape 10 N plum
Cieare
12032 10 3 16029 3 1 3629 0 02400 0 0 0 ’ 68 10
12 3 18762 3 16588 0 021 74 0 00110 10
’ 3 3 19357 316599 0 02758 0 0244 0 0029 J 00112 0 00130 C '00033 4 ’ 01 0601C1 G A K t 10 N flem
12032 14 3 17521 3 14824 0 02697 0 '00124 10
11 3 17941 3 15103 C 02638 0 00134 10
15 3 17506 3 14066 0 03440 0 0299 0 0039 0 00120 0 00126 0 00007 40 21 060101 GAK1 10 N p'um* Mean dry weight used from PWS early May sample. **Mean dry weight used from GOA sample ***Same dry weight from mixed species sample
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Wet and dry weights
Appendix 4 (cont.)
sample mean St Dev dry wt dry wt mean St dev °o moist mean “ o St dev date location
w et wl (24hrs) (27hrsi moist species '
37 0 01163 0 00621 C 00617 47
38 0 01771 0 00746 0 00744 58
39 0 00921 0 01 2 8 5 0 00438 0 00807 0 00788 0 00716 0 00089 14 40 22 64 050201 PWS
40 001131 000 4 0 6 0 00388 66
41 0 0 1 1 3 3 0 00336 0 00307 73
42 0 00901 0 01055 0 00133 0 00512 0 00481 0 00392 0 00087 47 62 13 58 050301 GOA
21 0 00322 0 00221 0 00195 39
45 0 00290 0 00110 0 00096 67
46 0 00702 0 00438 0 00229 0 00099 0 00080 0 00124 0 00062 89 65 24 64 051401 Cape
Cleare
16 0 00845 0 00404 0 00397 53
17 0 01246 0 00312 0 00284 77
18 0 01039 0 01043 0 00201 0 00310 0 00270 0 00317 0 00070 74 68 13 14 060101 GAK1
19 C 00694 0 00386 0 00373 46
20 0 00858 0 00272 0 00254 70
21 0 01287 0 00946 0 00306 0 00314 0 00313 0 00313 0 00060 76 64 15 69 0601C1 GAK1
N plum* S'coculanusJlemmneri unless otherwise indicated. N. plum. = ,V. plumchrus
Lipid composition
Listed as mg analyte in I g tissue, then as mg analyte in 1 g lipid. SIN = sample ID as listed in chain 
of custinly sheets i Appendix I >. QCBatch is a Laboratory internal identification; note that lipid 
are wet weight based. CE7WE = Cholesterol esters/wax esters; TAG = macylglycertdes. CHO = 
cholesterol; MON = monoacy Iglyceride; FFA = tree fatly acids; PE = phosphatidy lethanolamine;
PC = phosphatidylcholine.
Compound Sample Concentration (mg/g tiaaue)
SIN 1203211 1203214 1203215 1106431 1106432 1106433 1203210 1106402 1106403 1106404
QCBatch D032702 D032702 DO32702 D032702 0032702 D032702 D032702 D 032702 D032702 0032702
Raplicate a 1 1 1 1 1 1 1 2 1 1
Sample Wt (g) 0 03 0 03 0 03 0 03 0 04 0 05 0 02 0 02 0 02 0 02
% Lipid 4 72 4 6 0 3 49 13 48 15 76 13 37 7 00 6 10 6 48 5 3 3
Dry Wt (g) 0 ooo 0 000 ooo o 0 0 0 0 0 000 0 000 0 0 0 0 0 000 OOOO 0 000
C E /W E 28 223 29 972 22 975 79215 98 376 78 872 47 340 42 617 43 769 39 850
TAG 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 0 0 0 OOCO 0 000
Choleat 4 829 5 078 3 968 4 080 3 879 3 249 OOOO 0 000 0 000 6 597
Monolein 0 000 0 0 0 0 OOOO 0 000 OOOO o o o o 0 000 0 000 0 000 o o o o
FFA 3 784 3 888 3 064 4 799 6 083 4 495 0 000 5 276 0 000 4 795
PE 0 000 0.000 0 000 o o o o 0 000 0 000 o o o o 0 000 0 000 0 000
PC 0.000 0 000 0 000 o o o o 0 000 0 000 o o o o 0 000 0 000 OOOO
mg analytes in 1 g tisaua = 36.837 38.938 30.007 88.094 108.339 86.617 47.340 47.893 43.769 51.242
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Appendix 4 (cont.)
SIN 1200917 1200919 1200919 1106427 1106428 1203213 1106429 1200923 1203212 1200922 1200924
QCBatch 0032702 0032702 DO32702 DO32702 D032702 D032702 D032702 D032702 D032702 D032702 DO32702
Replicate • ' 1 1 1 1 1 1 1 1 1 1
Sample Wt (g) 0 02 0 02 0 02 0 03 0 03 0 03 0 04 0 02 0 02 0 03 0 05
% Lipid 7 09 5 76 5 25 14 17 10 02 406 8 86 421 5 06 4 61 220
Dty Wt (g) 0 000 oooo 0 000 0 000 1 000 OOOO OOOO OOOO OOOO OOOO OOOO
CE/WE 43 735 32 185 28619 88 852 63 126 24 841 63 435 23 636 36 3 76 29 078 11 360
TAG oooo 0 000 OOOO 0 OOO 0 000 0 000 OOOO OOOC 0 OOO OOOO 0 OOO
Cholest 0000 9 706 OOOO 5 119 5 342 4 953 3 422 6 228 0 000 5 336 2 883
Monolein 0 000 0 000 0 OOC 0 OOO oooo OOOO OOOO OOOO 0 ooo OOOO 0 000
FFA 5 746 6 502 5 662 5 897 5 288 3 687 4 401 4 926 0 000 4 377 2 398
PE 0 000 oooo 0 OOO 0 OOO 0 000 OOOO OOOO OOOO 0 ooo OOOO 0 000
PC 0000 oooo 0 000 0 000 OOOO 0 000 OOOO 0 OOO 0 ooo OOOO oooo
mg analytes in 1 g 
tissue
49.441 47.392 34.281 99.868 73.755 33.480 71.258 34.790 36.376 38.791 16.642
mg component / g lipid
SIN 12C32H 1203214 1203215 1106431 1106432 1106433 1203210 11 '06402 1 106403 1106404
C E /W E 597 95 651 57 658 31 587 65 624 22 589 92 676 29 698 63 675 45 747 65
TAG ooo 0 00 0 00 000 OOO 000 000 0 00 C 00 0 30
Cholest 102 32 110 39 113 71 30 2 7 24 61 24 30 0 00 0 00 0 oo 123 77
Monolein 0 '00 0 00 0 00 OCO 0 00 0 00 000 0 00 0 00 3 00
FFA 80 17 84 53 87 78 35 60 38 60 33 62 000 66 49 0 00 39 96
PE OOC 0 00 COO 0 00 000 0 00 000 OOC OOC 0 00
PC 0 00 0 00 0 00 0 00 000 0 00 000 0 00 0 oc 0 00
mg analytes in 1 g 780.44 846.49 659.80 653.52 687.43 647.84 676.29 785.12 675.45 961.38
lipid =
SIN 120C917 1200918 1200919 1106427 1106428 1203213 1106429 1200923 1203212 1200922 1200924
CE/WE 616 86 558 77 545 13 627 04 630 00 611 85 715 97 561 43 718 89 630 77 516 37
TAG 0 00 000 0 00 0 OO 0 00 a oo 0 00 G 00 0 '30 0 00 0 00
Cholest 000 151 14 000 36 13 53 31 121 99 38 62 147 92 0 00 115 74 131 06
Monolein 0 00 0 00 000 0 00 0 OC 0 00 0 00 0 00 0 00 0 00 0 00
FFA 81 05 112 88 10785 41 61 52 77 90 80 49 68 117 01 0 'OO 94 95 109 02
PE 0 00 0 00 0 00 0 00 3 00 0 00 0 00 0 00 0 -oo 0 00 0 'X
PC OOO 000 0 00 0 0 0 0 00 0 00 0 00 0 00 0 00 0 00 0 00
mg analytes in 1 g 
lipid
697.90 822.78 652.98 704.78 736.08 824.64 804.27 826.37 718.89 841.46 756.45
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Appendix 5. Report on creosote contamination in Resurrection Bay water.
Chemical analysis of seawater from Resurrection Bay in Seward reveals creosote 
contamination
Switgard Duesterloh. Juneau Center School o f  Fisheries and Ocean Sciences. University 
o f  Alaska Fairbanks. 11120 Glacier Highway. Juneau. Alaska 99801. USA
A series o f  15 seawater samples in four time intervals of 3-4 samples each was collected 
from Resurrection Bay in Seward between April 18 and June 5. 2001 and analyzed for 
polyaromatic compound (PAC) content. All samples were collected as seawater ■blanks" 
in a series of experiments conducted to determine biological effects o f  various 
concentrations of  oil derived PAC on plankton. The sampling periods were: April 18-21. 
May 02-04. May 15-19 and June 01-05.
Seawater was directed from the laboratory supply line into an overhead tank o f  
approximately 80 Liter capacity. It was then pumped through a column o f  PAC cleaned 
glass beads at a How rate of 5 ml/min into a 2 Liter Erlenmeyer tlask. N inehundred ml 
were taken from the Erlenmeyer tlask and immediately extracted twice w ith 50 - 60 
ml dichloromethane and frozen until further analysis at the Auke Bay Laboratory 
(NM FS/NOAA). Dichloromethane extracts o f  the PAC were reduced in volum e and 
exchanged with hexane over a steam bath. PAC were measured by gas 
chromatography/mass spectrometry (GC/M S) in the selected ion m onitoring m ode (SIM). 
PAC analytes included dibenzothiophenes and polyaromatic hydrocarbons containing 2-5 
rings, including the alkylated homologues listed in Figure I. A method blank, spiked 
method blank, and two reference samples were analyzed with each batch o f  12 samples to 
verify method accuracy, precision, and absence of laboratory introduced artifacts and 
interferences. Detection limits were determined experimentally (1) for PAC and generally
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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were 5-20 ng PAC/L seawater. Concentrations below the detection limit were treated as 
0.
All samples had a distinctive PAC signature which was identified as typical for creosote 
contamination (Fig. 2). Total PAC concentrations ranged from 422 to 2841 ng/Liter and 
averaged 913 ng/Liter. PAC concentrations in this magnitude have been reported to cause 
genetic damage to fish embry os (2). The location o f  the water intake pipe is in the 
vicinity of  a former large railroad dock and warehouse structure which was destroyed by 
a tidal wave during the large earthquake in 1964 and collapsed into the Bay. Some of the 
old railroad ties can still be found on the property of  the present marine research 
laboratory o f  the University o f  Alaska.
Literature cited
1) Glaser, J.A.. Forest. D.L.. M cKee. G.D.. Quave. S.A. & Budde. W.L. Environ. Sci.
Technol. 1981. 15. 1426-1435.
2) Rice. S.D.. Thomas. R.E.. Carls. M.G.. Heintz. R.A.. Wertheimer. A.C.. Murphy .
M.L.. Short. J.W., Moles. A. Review s in Fisheries Science  2001. 9(3). 165-211.
Appendix 5 (cont.).
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Appendix 5 (cont.h 
Figures:
Fig. 1: Mean polyaromatic compound (PAC) concentrations in 15 water samples from 
Resurrection Bay. Seward. AK collected between April 16. 2001 and June 5. 2001. Bars 
depict standard deviations. N. F. D. P and C  refer to naphthalene, flourene. 
dibenzothiophene. phenanthrene and chry sene. respectively, and the numbers follow ing 
these letters indicate the number of  alkyl-substituent carbon atoms. Other PAC are 
abbreviated as follow s: bip = biphenyl, ace = acenaphthylene. acn = acenapthene. ant = 
anthracene, fla = flouranthene. pyr = pyrene. C 1 fp = C 1 flouranthenes/pyrenes. baa = 
benz-a-anthracene. bbf = benzo-b-flouranthene. bkf = benzo-k-flouranthene. hep = 
benzo-e-pyrene. bap = benzo-a-pyrene. per = perylene. icp = indeno-1.2.3-c.d-pyrene. 
daa = dibenzo-a.h-anthracene. bgp = benzo-g.h.i-pery lene.
Fig. 2: PAC concentrations in individual water samples. The scale depicted in the upper 
right hand graph refers equally to all graphs. The sequence o f  PAC com pounds on the X- 
axes is equivalent to that shown in Fig. 1.
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A ppendix 6. PAC' concentrations and proportions o f  individual analytes in exposu re water. (C hapter ,\)
i  »p i 
t i s s u e p ro t i s s u e p ro c o n t r o l p ro c on tr o l p r o ­ ( X p ro ( X p r o ­ ()».»UV p r o Oil ♦ UV p r o ­
A na ly te s  ( n y / l )  
n a p h t a l e n e
res id ue  
TO 
2 1 4 0
po r t io n  
0  01
re s id u e
1 2 4
2 7 91
p o r t io n  
0  01
TO 
19  2 0
po r t io n  
0  10
1 2 4  
1 7 4 0
p o r t i o n
0  12
n o  UV 
TO
34  3 7
p o r t i o n  
0  0 2
n o  UV 
1 2 4  
2 4  8 7
p o r t io n
0  01
10
2 b  6 9
p o r t i o n  
0  0 2
1 24
2 0  8 2
p o r t i o n  
0  012 - r n e lh y ln a p h l h a l e n e 1 0 9 3 0  01 10  6 7 0  0 0 1 1 2 9 0  0 6 9 70 0 0 7 2 0  3 8 0 Ot 12 4 6 0  0 0 13  8 7 0  01 1 1 7 1 0  0 01 m e th y l n a p h t h a l o n e b 3G 0  0 0 b 3 0 0  0 0 b 4 9 0  0 3 4 9 3 0 0 4 8 9 7 0  0 0 b 8 8 0  0 0 b  5 0 0  0  1 6  2 7 0  0 0C -2  n a p h t h a l e n e s 2 0  4 7 0  01 2 3  01 0  01 16  17 0  0 9 12  36 0  0 9 3 0  8 0 0  0 2 2 0  3 3 0  01 19 79 0  0 2 2 4  9 8 0  01C-3  n a p h t h a l e n e s 121  0 6 0  0 / 1 7 9 81 0  0 6 3 2  64 0 1 7 1 9  8 b 0  14 1 6 0  9 4 0  0 8 I b b  9 4 0  0 6 1 0 6  6 6 0  0 9 1 70  0 4 0  0  7C-4 n a p h t h a l e n e s H4 0 4 0  Ob 1 6 3  8 7 0  Ob 1 0  9 8 0  0 6 b 4 7 0  0 4 HI 4 b 0  0 4 1 1 b 8 2 0  0 5 6 0  61 0  0 5 151  91 0  0 6b ip hen y l 3 3 3 0  0 0 3 3 8 0  0 0 4 2 3 0  0 2 3 4 b 0 0 2 4 76 0  0 0 4 0 3 0  0 0 4 21 0  0 0 3 74 0  0 0a c e n a p h t h y l e n e 0  4 b 0  0 0 0  14 0 0 0 0  3 9 0  0 0 0  4 b 0  0 0 0  4 6 0  0 0 0  2 7 0  0 0 0  5 9 0  0 0 0  5 7 0  0 0a c e n a p t i t h e n e 3 9 9 0  0 0 3 4 8 0  0 0 b 0 4 0  0 3 4 4 0 0 0 3 0  0 0 0  0 0 3 61 0  0 0 0  0 0 0  0 0 6  9 0 0  0 0t l u o re n e 10 9 3 0  01 14 4 4 0  0 0 7 61 0  0 4 6  6 2 0 0 6 14 0 2 0  01 1 3 8 6 0  01 12  8 2 0  01 17 10 0  01C l t l u o i e n e s b b  4 4 0  0 3 9 8  6 3 0  0 3 4 8 7 0  0 3 4 61 0  0 3 6 3  2 2 0  0 3 76  01 0  0 3 4 3  0 4 0  0 3 8 6  14 0  0 3C ?  t lu o re n e s 1 2 3  0 5 0  0 7 2 0 4  6 0 0  0  7 12  4 b 0  0 7 10  64 0  0 0 1 3 6  0 4 0  0 7 1 7 0  31 0  0 7 8 7  2 8 0  0  7 1 9 3  31 0  0 7C -3  t luo re ne s 8 3  3 3 0  Ob 1 2 6  0 0 0  0 4 4 2 9 0  0 2 3 6 2 0  0 3 4 2  bO 0  0 2 1 1 3  2 4 0  0 4 2 3  10 0  0 2 1 19 0 3 0  0 4d ib e n / o t h i o p h e n e 6 0  b 3 0  0 4 1 0 4  0 4 0  0 4 1 6 0 0 01 1 18 0  01 6 4  0 7 0  0 3 78  0 ? 0  0 3 3 5  4 8 0 0 3 8 3  6 8 0  0 3C-1 d i b e n / o t h i o p h e n e s 1 b /  2 9 0  0 9 2 6 8  2 4 0  0 9 2 74 0  01 1 9 8 0  01 1 78  2 4 0  0 9 2 2 2  91 0  0 9 1 10  6H 0  0 9 2 3 1  61 0 0 9
C- 2  d i b e n / o t h i o p h e n e s 121 10 0  0 / 2 0 1  8 2 0  0 7 2 4 0 0  01 1 6 b 0  01 1 2 6  0 2 0  0  7 18 1  3b 0 0 7 7 7 9 4 0  0 6 1 8 4  4 3 0  0 7C -3  d s b e n /o th i o p h n n e s 3 3  76 0  0 2 6 2  19 0  0 2 0  71 0  0 0 0  2 7 0  0 0 2 9  2 1 0  0 2 6 2  4 b 0  0 2 18 9 9 0  0 2 6 3  8 9 0  0 2p h e n a n th r e r t e 1 18 4 9 0  0 7 1 9 2  91 0  0 7 1b  21 0  0 9 12  2 9 0  0 9 1 2 3  0 9 0  Ob 1 6 0  79 0  0 6 79  2 9 0  0 6 1 7 7 3 0 0  0 7C 1 p h e n a r t t h r e n e s / a n 3 b 8  0 6 0  21 6 4 3  4 0 0 2 2 8 9 9 0  Ob 6  0 2 0  0 4 4 3 3  2 3 0  2 3 6 4  2 3 b 0  21 2 7 7  6 2 0  2 2 6 6  3 2 4 0  2 1
C- 2  p h e n a n t h r e n e s / a n 2 2 1  21 0  13 4 0 8  4 b 0  14 b  4 9 0  0 3 3 3 9 0  0 2 2 6 1  3 0 0  13 3 8 8  9 b 0  1b 1 4 4  64 0  1 2 3 9 3  3 6 0  1bC -3  p h e n a n t h r e n e s / a n 6 4  6 / 0  0 4 1 19  44 0  0 4 2 8 9 0  0 2 2 6 0 0  0 2 76  9 6 0  0 4 1 1 0  12 0  0 4 51 4 2 0  0 4 1 0 9  Hb 0  0 4C-4  p h e n a n t h r e r m s ' a n 0  0 0 0  0 0 1b  9 9 0  01 0  0 0 0  0 0 0 0 0 0  0 0 10  0 6 0  01 18  31 0  01 6  2 0 0  01 1 3 8 9 0  0 1a n t h r a c e n e 0  6 9 0 0 0 1 2 b 0 0 0 0  3 2 0  0 0 0  31 0 0 0 0 0 0 0  0 0 0  9 9 0 0 0 0  0 0 0  0 0 1 9 5 0  0 0l l u o r a n t h e n e 4 8 9 0  0 0 4 b b 0  0 0 3 6 3 0  0 2 2 6 9 0  0 2 0  6  3 0  0 0 6  4 8 0  0 0 6 2 4 0  0 0 12 3 6 0  0 0p y r e n e 6 4 0 0  0 0 1 1 4 6 0  0 0 1 6 4 0  01 1 1 7 0 01 0  0 0 0  0 0 1 0 4 0  0 0 5 6 9 0  0 0 14 4 9 0  01C 1 M o u ra n th en e s /p y r e 1 1 9 2 0  01 2 4  3 9 0  01 0  0 0 0  0 0 0  3 3 0 0 0 1 3 3 0 0  01 21  8 0 0  01 5 3 9 0  0 0 22  2 6 0  01b e n /  a  a n t h r a c e n e 0  0 0 0  0 0 0 0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0c t i ry se n e 10 0 3 0  01 16 2 6 0  01 0  0 0 0  0 0 0  0 0 0  0 0 8 0 2 0  0 0 16  10 0  01 6  0 0 0 0 0 1b 4 4 0  01C-1 c h r y s e n e s 0  0 0 0  0 0 4 81 0  0 0 0  0 0 0  0 0 0 0 0 0  0 0 2 6 9 0  0 0 4 8 5 0  0 0 1 12 0  0 0 0  0 0 0  0 0
C- 2  c h r y s e n e s 1 1 4 / 0 01 6  4 0 0 0 0 b 8 0 0  0 3 2 10 0  0 2 12 9 4 (J 01 3 6 4 0  0 0 9  8 6 0  01 0  0 0 0  0 0C-3  c h r y s e n e s 0  0 0 0  0 0 0 0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0 0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0C-4  c h r y s e n e s 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0b e n / o  b - t l o u ra n lh e n e 0  0 0 0  0 0 0 0 0 0  0 0 0  0 0 0  0 0 0  0 0 0 0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  37 0  0 0 0  0 0 0  0 0b e n / o - M l o u r a n t h e n e 0  31 0  0 0 0  0 0 0 0 0 0 0 0 0  0 0 0 0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0b e n / o  e  p y r e n e 0  0 0 0  0 0 0 0 0 0  0 0 0  0 0 0  0 0 0 3 6 0  0 0 0  o o 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0b e n / o  a  p y r e n e 0  0 0 0  0 0 0 34 0  0 0 0  0 0 0  0 0 0 0  7 0  0 0 0  3 8 0  0 0 0  0 0 0  0 0 0  12 0  0 0 0  18 0  0 0pe ry l e n o 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0 0 6 0  0 0 0  1b 0  0 0 0 0 0 0 0 0 0  0 0 0  0 0 0  0 7 0  0 0m d e n o  123  c d - p y r e n e 0 0 0 0  0 0 0 0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0d i b e n / o  a  h  a n t h r a c e n e 0 0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0 0 0 0  0 0 0  0 0 0  (JO 0  0 0 0  0 0 0  0 0 0 o o 0  0 0 0  0 0b e n / o - g  ti.i py ry le ne 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0 0 0 0 0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  0 0
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Appendix 7. PAC concentrations in Calanus marshallae and Metridia okhotensis tissue. (Chapter
3): C. marsh. = Calanus marshallae: Metridia = Metridia okhotensis: V1DL = method detection 
limits on a 80r r significance level: sample ID refers to chain of custody identification (Appendix 1)
Expenment 1 1 1 1
Species (N) C marsh C marsh. C marsh C marsh
Exposure
(16) 
*  Oil
(16) 
- Oil. ♦ UV
(15) 
♦ Oil. - UV
(15) 
*  Oil. ♦ UV
Treatment 
sample ID
before light 
1106309 1106310 1106311 1106312
wetweight (g) 0 0055 0 0058 0 0188 0 0062
matnx TISSUE TISSUE TIS SU E TISSUE
Surrogate Recoveries(°o): 
NAPHTHALENE d-8 44 17 35.04 49 81 35 71
ACENAPHTHENE d-10 66 84 59 10 71 46 56 15
PHENANTHRENE d-10 75 20 83 72 80 49 81 77
CHRYSEN E d-12 79 66 91 49 86 68 89 92
BENZO-a-PYRENE d-12 62 15 69 36 65 14 65 35
PERYLENE d-12 70 35 85 63 79 01 83 03
MASS (ng) 
naphthalene
MDL Amount 
1.72 2 86 4 61 3 93 4 47
2-methylnaphth. 1 09 1 16 2 24 1 68 1 30
1-methylnaphth 2 83 0 00 0 00 0 00 0 00
C-2 naphthalenes 0 57 0 71 0 00 0 00 OCO
C-3 naphthalenes 0 68 10 39 1 29 3 97 5 90
C-4 naphthalenes 0 68 12 51 0 00 0 00 0 00
biphenyl 2 39 0 0 0 0 00 0 00 0 00
acenaphthyiene 1 92 0 00 0 00 0 00 0 00
acenaphthene 0 78 0 00 0 00 0 00 0 00
fluorene 1 77 0 00 0 00 0 00 0 00
C-1 huorenes 1 77 5 67 0 00 2 03 291
C-2 fluorenes 1 77 14 04 2 66 5 03 7 2 7
C-3 fluorenes 1 77 5 19 0 00 0 00 0 00
dibenzothiophene 114 4.71 0 00 1 38 2 37
C-1 dibenzothiophenes 1.14 18 20 0 00 6 46 10 26
C-2 dibenzothiophenes 1 14 16.80 2 40 6 30 8 95
C -3 dibenzothiophenes 1 14 5 90 2 06 1 86 2 73
phenanthrene 1.11 13.04 1.67 4 92 741
C-1 phenanthr/anthr 2 53 57.04 6 74 18.55 31 90
C-2 phenanthr /anthr 2.53 43 71 9 35 13 65 22 10
C-3 phenanthr./anthr 2 53 13 79 6 63 4 18 6 14
C-4 phenanthr /anthr 2 53 2.72 0 00 0 00 0 00
anthracene 0 8 9 0.00 0 00 0 00 0 00
fluoranthene 2 08 0 00 0 00 0 00 0 00
pyrene 2 14 0 00 0 00 0 00 0 00
C-1 fluoranthenes-pyrenes 2.14 3 13 0 0 0 0 00 0 00
benz-a-anthracene 0 74 0 00 0 0 0 0 00 0 00
chrysene 1.18 3.51 1 86 0 00 1.57
C-1 chrysenes 1.18 1.81 1 44 0 00 0 00
C-2 chrysenes 1.18 2.26 1 74 0 0 0 0 00
C-3 chrysenes 1.18 0.00 0.00 0.00 0 0 0
C-4 chrysenes 1 18 0.00 0.00 0.00 0 0 0
benzo-b-fluoranthene 3.38 0.00 0.00 0 00 0 0 0
benzo-k-fluoranthene 1 67 0.00 0 00 0 00 0 00
benzo-e-pyrene 1 99 0 0 0 0 0 0 0 00 0 0 0
benzo-a-pyrene 1 6 0 00 0.00 0 00 0 00
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A p p e n d i x  7 (cont .)
perylene 2 2 5
indeno-123-cd-pyrene 106
dibenzo-a.h-anthracene 1 32
benzo-g.h.i-perylene 3 6 9
TOTAL 
Total per individual
000 0 00 0 00 000 
239 
1495
0 01 0 00 0.00 000 
45 
2 79
0 00 000 0.00 000 
74 
4 93
0.00 0.00 000 000 
115 
7 69
Experim 2
Spec (N) C mars
Oil Exp
(20) 
24 h ♦ Oil
Treatm before light
samplelD 1106321
wet 0 0278
weight ig) 
matrix TISSUE
Surrogate Recoveries! %) 
NAPHTHALENE d-8 25 09
ACENAPHTHENE d-10 50 97
PHENANTHRENE d-10 82 31
CHRYSENE d-12 87 94
BENZO-a-PYRENE d-12 67 78
PERYLENE d-12 81 31
MASS (ng) MDL Amount
naphthalene 1 72 10 03
2-methylnaphth 1 09 4 98
1-methylnaphth 2 83 2 10
C-2 naphthalenes 0 57 1 42
C-3 naphthalenes 0 68 12 63
C-4 naphthalenes 0 68 0 00
biphenyl 2 39 0 00
acenaphthylene 1 92 0 00
acenaphthene 0 78 0 00
fluorene 1 77 0 00
C-1 fluorenes 1 77 8 23
C-2 fluorenes 1 77 20 63
C-3 fluorenes 1 77 5 59
dibenzothiophene 1 14 5 09
C-1 dibenzothiophenes 1 14 23 79
C-2 dibenzothiophenes 1 14 21 48
C-3 dibenzothiophenes 1 14 6 77
phenanthrene 1 11 1254
C-1 phenanthr/anthr 2 53 58 37
C-2 phenanthr /anthr 2 53 40 62
C-3 phenanthr /anthr 2 53 11 57
C-4 phenanthr /anthr 2 53 0 00
anthracene 0 89 0 00
fluoranthene 2 08 0 00
pyrene 2 14 0 00
C-1 fluoranthenes/pyrenes 2 14 2 23
benz-a-anthracene 0 74 0 00
chrysene 1 18 2 67
C-1 chrysenes 1 18 0 00
C-2 chrysenes 1 18 0 00
C-3 chrysenes 1 18 0 00
C-4 chrysenes 1 18 0 00
benzo-b-fluoranthene 3 38 0 00
benzo-k-fluoranthene 1 67 0 00
benzo-e-pyrene 1 99 0 00
2 2 2 2
Metridia (40) C marsh C marsh C marsh
(20) (21) (21)
24 h ♦ Oil 24 h - Oil. ♦ 24 h + Oil - 24 h + Oil ♦
UV UV UV
before light 
1106322 1106323 1106324 1106325
0 0 1 12 0 0096 0 021 0 0 1 1 9
TISSUE TISSUE TISSUE TISSUE
35 38 34 80 24 99 37 91
63 35 59 11 45 99 65 49
84 87 82 91 76 82 85 41
89 90 88 79 80 74 90 05
72 66 64 84 59 48 67 26
76 91 73 43 67 23 72 44
6 43 12 76 18 36 6 82
2 54 5 28 6 68 2 77
0 00 2 49 3 24 0 00
0 00 2 59 1 30 0 00
11 19 1 63 8 58 8 58
0 00 0 00 11 65 8 22
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
7 05 0 00 6 53 2 99
18 44 0 00 21 60 8 70
4 42 0 00 721 2 71
5 02 0 00 2 93 3 20
23 33 0 00 20 62 17 93
19 00 0 00 23 35 16 90
5 10 0 00 7 62 5 07
13 57 0 00 7 80 10 35
63 73 0 00 49 83 50 89
41 56 0 00 44 15 37 50
10 50 0 00 13 60 10 08
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
2 26 0 00 2 40 0 00
0 00 0 00 0 00 0 00
2 51 2 08 3 29 2 76
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
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Ap p en d i x  7 (cont . )
benzo-a-pyrene 1 6 0 00
perylene 2 25 0 0 0
indeno-123-cd-pyrene 1 06 0 0 0
dibenzo-a. h-anthracene 1 32 0 0 0
benzo-g.h i-perylene 3 69 0 0 0
t o t a l 251
Total per individual 12 55
0 00 0 00 0 00 00 00 0 00 0 00 00 00 0 00 0 00 00 00 0 00 0 00 00 00 0 00 0 00 0
237 27 261 195
5 92 1 34 12 42 9 31
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Appendix 8. PAC concentrations in exposure water (Chapter 4). TO. T24 = start and end time of oil 
exposure: SD = Standard deviation 
Experiment 1
TO T24 TO T24 TO T24 TO T24
control control low low medium medium high high
sample ID 1200925 1200929 1200926 1200930 1200927 1200931 1200928 1200932
volume (l)= 0.9 0 9 0 9 0 9 0 9 0 9 0 9 0 9
matrix = WATER WATER WATER WATER WATER WATER WATER WATER
Surrogate Recovenes (°«l
NAPHTHALENE d-8 80 64 83 80 78.18 68 83 79 04 85 31 7064 71 03
ACENAPHTHENE d-10 88 24 89 75 88 38 78 26 88 97 89 73 79 44 87 32
PHENANTHRENE d-10 88 82 85 27 91 46 80 77 91 19 88 98 85 52 90 03
CHRYSENE d-12 83.70 77 48 85 20 70 38 85.76 85 30 80 99 91 35
BENZO-a-PYRENE d-12 106 94 96.54 108.53 75.71 115.97 111 65 94 82 111.50
PERYLENE d-12 92 43 89 52 95 59 76 70 95 85 96 67 96 08 101.81
Analyte cone (ng/1).
naphthalene 151.85 133 31 145 81 161.08 131 02 130 23 171.59 150 26
C-1 naphthalenes 69 53 50 95 69 29 68 40 60 82 54 49 79 63 70 24
C-2 naphthalenes 43 28 31 90 56 48 38 65 100 67 75 92 361 18 265 79
C-3 naphthalenes 97 83 44.13 225 17 213.11 507 90 433 74 1712 95 1172 77
C-4 naphthalenes 48.57 24 21 160 66 135 95 390 28 361 29 743 46 559 98
biphenyl 16 68 11 79 13 92 13.17 13 52 12 19 17 49 14 22
acenaphthylene 0 00 0 00 0 00 1 89 0 00 0 00 0 00 2 50
acenaphthene 61 55 41 88 5527 56 86 50 26 46 11 54 37 50 71
fluorene 50 63 27 30 50 99 43 66 71 56 57 03 240 73 182 61
C-1 fluorenes 76 33 22 98 105 60 79 42 252 54 200 96 627 01 465 38
C-2 fluorenes 39 81 27.10 123 05 109.55 307 56 280 90 691 84 524 22
C-3 fluorenes 15 50 0 00 54 61 44 36 131 88 119 56 299 74 226 86
dibenzothiophene 12 52 768 66 66 57 75 194 45 179 37 706 36 549 35
C-1 dibenzothiophenes 13.51 6.93 126 46 109.75 332 02 328 10 617 39 484 92
C-2 dibenzothiophenes 6 35 5 69 7583 67 22 177 63 186 73 309 20 242 25
C-3 dibenzothiophenes 11 07 729 27 14 23.17 51 12 51 33 65 58 52 99
phenanthrene 114 54 59 35 191 05 163 24 396 66 350 51 1093 53 859 66
C-1 phenanthr anthr 59 79 30 93 311 38 259 82 772.51 751 36 1382 65 1091 42
C-2 phenanthr anthr 40 76 21 07 170 36 140 02 383 79 379 80 594 30 475 85
C-3 phenanthr anthr 15 30 7 07 43 89 35 99 92 76 89 20 160 21 128 55
C-4 phenanthr /anthr 5 61 3 03 8 30 7 01 10 43 8 97 20 59 20 93
anthracene 0.00 0.00 0 00 0.00 0 00 0 00 0 00 0 00
fluoranthene 15 50 10.34 13 64 15 64 12 68 11 20 14 56 12 91
pyrene 7 36 3 85 8 99 7 84 14 13 12.83 17 38 14 26
C-1 fluoranth./pyrenes 5.68 3 62 11 62 9 79 25 20 23 03 41 75 35 50
benz-a-anthr 0.00 0.00 0 00 0 00 0 79 0 0 0 2 62 0.00
chrysene 0 00 0.00 4 69 4 47 9 8 7 9 0 7 20 09 11 78
C-1 chrysenes 0.00 0 00 3.11 0 00 8 17 6 52 15.43 12 60
C-2 chrysenes 0.00 0.00 0.00 0.00 0 0 0 0 00 0 00 0.00
C-3 chrysenes 0.00 0 00 0 00 0.00 0 00 0 00 0 00 0 00
C-4 chrysenes 0.00 0.00 0 00 0.00 0 0 0 0 00 0 00 0.00
benzo-b-fluoranthene 0 00 0.00 0 00 0.00 0 00 0 00 7 06 0 00
benzo-k-fluoranthene 0 00 0 00 0 00 0 00 0 00 0.00 5 47 0 00
benzo-e-pyrene 0 00 0 0 0 0 00 0 00 0 00 0 00 0 00 0 00
benzo-a-pyrene 0.00 0 00 0 00 0 00 3 00 0 00 6 43 0 00
perylene 0.00 000 0.00 0.00 0 00 0 00 0 00 0 00
indeno-123-cd-pyrene 0.00 000 0 00 0.00 0 00 0 00 15 62 0.00
dibenzo-a.h-anthracene 0.00 0.00 0 00 0.00 0.00 0.00 22 73 0.00
benzo-g,h i-perylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total PAC 1013 28 601.28 2124.46 1867.83 4503.24 4210 43 10118 95 7678.50
mean SD mean SD mean SD mean SD
807 291 1996 131 4357 207 8899 1726
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Appendix 8 (cont.). 
Experiment 2
id =
qcbatch = 
vol (l)= 
matnx = 
catno =
Surrogate Recovenes (°o) 
NAPHTHALENE d-8 
ACENAPHTHENE d-10 
PHENANTHRENE d-10 
CHRYSENE d-12 
BENZO-a-PYRENE d-12 
PERYLENE d-12
Analyte cone (ng/1)
naphthalene
C-1 naphthalenes
C-2 naphthalenes
C-3 naphthalenes
C-4 naphthalenes
biphenyl
acenaphthylene
acenaphthene
fluorene
C-1 fluorenes
C-2 fluorenes
C-3 fluorenes
dibenzothiophene
C-1 dibenzothiophenes
C-2 dibenzothiophenes
C-3 dibenzothiophenes
phenanthrene
C-1 phenanthr anthr
C-2 phenanthr anthr
C-3 phenanthr anthr
C-4 phenanthr .anthr
anthracene
fluoranthene
pyrene
C-1 fluoranth./pyrenes
benz-a-anthr
chrysene
C-1 chrysenes
C-2 chrysenes
C-3 chrysenes
C-4 chrysenes
benzo-b-fluoranthene
benzo-k-fluoranthene
benzo-e-pyrene
benzo-a-pyrene
perylene
mdeno-123-cd-pyrene 
dibenzo-a.h-anthr 
benzo-g.h.i-perylene 
Total PAC
TO T24 TO T24
control control low low
1203243 1203247 1203244 1203248
R05021 R10051 R10051 R10051
0 9  0.9 0 9  0 9
WATER WATER WATER WATER
RMB_081 RMB_081 RMB .081 RMB.081
TO T24 TO T24
medium medium high high
1203245 1203249 1203246 1203250
R10051 R 10051 R10051 R10051
0 9  0 9  0 9  0 9
WATER WATER WATER WATER
RMB.081 RMB.081 RMB.081 RMB.081
84.66 91.06 7458 75.26
90 54 96 45 84 76 80.75
84 59 91 11 84 46 77.07
74.04 84 84 74 86 72 79
76.40 107 92 9367 97 84
73.57 95 64 84.00 83 97
79 16 93 00 82.38 7200
84.76 93 44 88 32 75 90
88.85 93 17 87 49 75 18
82 47 90 55 91 73 77 66
107 89 113 56 109 22 95 42
96 11 94 00 113 93 92 26
79 44 67 05 78 43 60 83 85 34 70 10 94 82 97 30
47 54 47 09 47 87 36 29 46 95 34 29 64 19 57 23
31 58 37 12 69 46 46 81 99 35 75 67 31324 295 28
3849 59 40 583 90 429 13 1035 85 764 43 117001 1072 14
19 37 32 51 455 41 36549 674.17 516 92 566 06 518 16
12 54 12 32 12 39 10 31 11 62 13 33 19 96 18 44
0 00 2 03 1 71 1 79 1 76 0 00 0 00 0 00
62 44 55 40 52 61 50 24 64 10 57 56 48 38 55 71
35 78 43 96 65 54 49 96 124 16 91 67 235 98 208 62
21 97 25 12 265 45 179 67 546 49 381 68 518 08 444 70
12 62 34 38 37033 28627 578 64 412 78 809 20 602 23
0 0 0 6 58 178 53 112 81 265 33 186 55 329 49 250 32
9 66 14 65 24307 147 69 602 97 424 18 719 54 617 28
11.37 12 02 475 33 357 65 710 81 517 35 694 13 554 68
7 28 6.29 277 47 221 49 334 08 244 48 358 86 281 20
4 33 4 00 80 03 69 92 82 29 57 79 118 10 52 04
67 75 90 91 465 78 306 38 997 23 708 20 1068 47 931 00
36 75 46 23 1091 97 806 23 1580 72 1136 51 1444 18 1228 90
22 81 25 86 567 76 444 67 671 82 487 27 674 90 546 30
6 33 4 45 134 22 106 13 156.30 108 14 203 72 145 16
0 00 0 00 14 37 10 42 17.67 10 53 45 74 22 15
0 0 0 0 00 0 00 0 00 7 60 0 00 6 56 0 00
11 30 10 86 12.73 10 92 12 66 11 64 11 83 11 45
4 12 4 54 17 49 1338 19 32 13 98 16 70 15 86
3.07 3 2 3 32.88 25 29 41 62 27 83 7980 44 36
0 0 0 0 97 0.95 119 0 00 1 28 0.00 0 0 0
0.00 0 0 0 20.51 13.33 19 84 12 43 18 72 15 68
0 0 0 0.00 10 49 863 11 23 7 78 4.41 11 02
0 0 0 0.00 0 00 0 00 0 00 0 0 0 0 00 0 00
0 00 0.00 0.00 0 00 0 00 0 0 0 0 00 0 0 0
0.00 0 0 0 0 00 0 00 0 00 0 00 0 00 0 00
0.00 0 0 0 0 00 0.00 0 00 0.00 0 00 0.00
0.00 0 00 OOC 0 00 0 00 0 00 0 00 0.00
0.00 0 00 0 00 0 00 0 00 0 00 0 00 0 00
0 00 0 00 0 00 0.00 0 00 0 00 0 00 0 00
0 00 0 00 0 00 0.00 0.00 0 00 0 00 0 00
0.00 0.00 0.00 0 00 0.00 0 0 0 0 00 0 00
0.00 0 00 13.35 0.00 0.00 0.00 0 00 0.00
0 00 0 00 0.00 0.00 0 00 0.00 0 00 0 00
546.54 656.97 5640 03 4172.91 8799.89 6374.36 9635 09 8097 19
mean SD mean SD mean SD mean SD
602 78 4906 1037 7587 1715 8866 1087
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Appendix 9. PAC concentration in S eoca la n u s  tissue (Chapter 4). Sam ple ID refers to chain o f  
custody identification (Appendix 1): M DL = method detection limits on a 8 0 rr significance level
sample 10 1200935 1200936 1200937 1200938 1200939
wet weight 0 0217 0 0246 0.0234 0 0252 0 0224
0 )
matrix TISSUE TISSUE TISSUE TISSUE TISSUE
Surrogate Recov ( V
NAPHTHALENE d-8 86 53 86 37 81 47 82 10 79 89
ACENAPHTHENE d-10 85 55 8760 85.66 86 28 8 3 6 2
PHENANTHRENE d-10 83 54 86 15 85.29 84 09 85 85
CHRYSENE d-12 77 60 82 88 80 95 78 49 85 02
BENZO-a-PYRENE d-12 83 75 85 86 83.51 79 91 86 25
PERYLENE d-12 83 75 87 51 85 28 83 39 88 90
Analyte cone (ng/g): 
naphthalene
MDL. ng 
5.73 0 00 0 00 0 00 0 00 0 00
N1 13 07 0 00 0 00 0 00 0 00 0 00
C-2 naphthalenes 1 90 88 92 119 80 129.61 94 02 181 93
C-3 naphthalenes 2 27 114 23 331 59 310 41 389 02 734 28
C-4 naphthalenes 2 27 0 00 140 48 0 00 143 50 372 67
biphenyl 7 97 0 00 0 00 0 00 0 00 0 00
acenaphthylene 6 40 0 00 0 00 0 00 0 00 0 00
acenaphthene 2 60 180 00 0 00 0 00 0 00 0 00
fluorene 5 90 0 00 0.0h 0.00 0 00 0 00
C-1 tluorenes 5 90 0 00 0 00 0 00 0 00 0 00
C-2 tluorenes 5 90 0 00 0 j0 0 00 242.83 494 77
C-3 tluorenes 5 90 0 00 000 0 00 0 00 0 00
dibenzothiophene 3 80 0.00 0 00 0 00 0 00 188 22
C-1 dibenzothiophenes 3 80 0 00 161 20 0 00 152.26 522 30
C-2 dibenzothiophenes 3 80 0 00 160 52 0 00 151 83 385 98
C-3 dibenzothiophenes 3 80 0 00 000 0 00 0 00 0 00
phenanthrene 3 70 178 46 240 07 197 17 239 71 506 29
C-1 phenanthr anthr 8 43 0 00 0 00 0 00 0 00 1003 84
C-2 phenanthr anthr 8 43 0 00 0 00 0 00 0 00 766 99
C-3 phenanthr/anthr 8 43 0 00 0 00 0 00 0 00 0 00
C-4 phenanthr anthr 8 43 0 00 0 00 0 00 0 00 0 00
anthracene 2 97 0 0 0 0 00 0 00 0 00 0 00
fluoranthene 6 93 0.00 0 00 0 00 0 00 0 00
pyrene 7 13 0.00 0.00 0 00 0 00 0 00
C-1 fluoranth./pyrenes 7 13 0.00 000 0.00 0 00 0 00
benz-a-anthracene 2 47 0 00 000 0.00 0.00 0 00
chrysene 3 93 0 00 000 0.00 0 00 0.00
C-1 ehrysenes 3 93 0 0 0 0 00 0 00 0 00 0 0 0
C-2 ehrysenes 3 93 0 00 0.00 0.00 0 00 0 00
C-3 ehrysenes 3 93 0 00 0 00 0.00 0 00 0 00
C-4 ehrysenes 3 93 0.00 0 00 0 00 0 00 0 00
benzo-b-fiuoranthene 11 27 0.00 0 00 0.00 0 00 0 00
benzo-k-fluoranthene 5.57 0.00 0 00 0 00 0.00 0 00
benzo-e-pyrene 6.63 0.00 0 00 0.00 0.00 0 00
benzo-a-pyrene 5 33 0.00 0.00 0.00 0.00 0 00
perylene 7 50 0.00 0.00 0.00 0.00 0.00
mdeno-123-cd-pyrene 3.53 0 00 0.00 0.00 0.00 0.00
dibenzo-a.h-anthracene 4.40 0 00 0.00 0 00 0.00 0 00
benzo-g.h.i-perylene 12.30 0 00 0.00 0.00 0.00 0 00
Total PAC 561 60 1153.66 637.19 1413.17 5157 28
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sample ID 
wet weight<g)
matrix
Appendix  9 (cont.).
Surrogate Recov l"»)
NAPHTHALENE d-8
ACENAPHTHENE d-10
PHENANTHRENE d-10
CHRYSENE d-12
BENZO-a-PYRENE d-12
PERYLENE d-12
Analyte cone (ngg): MDL. ng
naphthalene 5 73
N1 13 07
C-2 naphthalenes 1 90
C-3 naphthalenes 2 27
C-4 naphthalenes 2 27
biphenyl 7 97
acenaphthylene 6 40
acenaphthene 2 60
ftuorene 5 9 0
C-1 tluorenes 5 90
C-2 tluorenes 5 90
C-3 tluorenes 5 90
dibenzothiophene 3 80
C-1 dibenzothiophenes 3 80
C-2 dibenzothiophenes 3 80
C-3 dibenzothiophenes 3 80
phenanthrene 3 70
C-1 phenanth anthr 8 43
C-2 phenanth anthr 8 43
C-3 phenanth anthr 8 43
C-4 phenanth anthr 8 43
anthracene 2 97
ftuoranthene 6 93
pyrene 7 13
C-1 ftuoranth. pyrenes 7 13
benz-a-anthracene 2 47
chrysene 3 93
C -l ehrysenes 3.93
C-2 ehrysenes 3 93
C-3 ehrysenes 3.93
C-4 ehrysenes 3 93
benzo-b-fluoranthene 11.27
benzo-k-fluoranthene 5 57
benzo-e-pyrene 6 63
benzo-a-pyrene 5.33
perylene 7 50
mdeno-123-cd-pyrene 3 53
dibenzo-a.h-anthracene 4.40
benzo-g.h.i-perylene 12.30
Total PAC
1200941 1200942 1200943 1200944
0 0193 0.0207 0 0166 0 0241
TISSUE TISSUE TISSUE TISSUE
84 96 80 22 83.17 84 92
85 39 82 19 84.93 87 73
84 45 84 88 85.57 88.58
75 52 80 36 81 50 83.48
70 83 80.08 83 14 85.72
76 45 83.77 85 78 88 30
0 00 0 00 0 00 0 00
0 00 0 00 0.00 0 00
124 27 481 04 375 75 332 39
618 06 1965 58 1824 52 1556 43
276.83 668 62 601 69 531.31
0 00 0 00 0 00 0 00
000 0 00 0 00 0 00
206 69 15361 0 00 0 00
0 00 0 00 0.00 0 00
0.00 704 71 670 08 576 84
433 78 861 45 790 92 681 32
0 00 0 00 0 00 0 00
0.00 738.73 671 38 64526
409 72 932 55 950 15 811 43
315 32 550 88 569.64 462 42
0 00 212 42 0 00 000
472 19 1577 62 147269 1246 18
774 41 1794 30 1826 61 1553 58
660 84 1139 73 1182 43 940 91
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0 00 0 00 0 00 0 00
0.00 0 00 0.00 000
000 0 00 0 00 0 00
0 00 0.00 0 00 0 00
000 0 00 0 00 000
0.00 0 00 0.00 000
0 00 0 00 0 00 000
0.00 0 00 0 00 0.00
0 00 0 00 0 00 0.00
0 00 0 00 0 00 000
0 00 0 00 0 00 000
0.00 0 00 0 00 000
0 00 0 00 0.00 000
0 00 0 00 0 00 000
0 00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0 00 0.00
4292.10 11781.23 10935.87 9338 08
1200940
0 0225
TISSUE
85 00
86 88
85 72
81 88
84 25
86 59
0.00
0 00
149 09
697 38
280 62
0 00
0 00
0 00
0 000.00
437 660 000 00
476 80
359 590 00
467 28
885 49
710 520 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
0.00
0.00
0.00
4464 42
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RFF = visible light.
Time p p p  time'intensity Time p p p  time’ intensity
051601 (W*mA-2) 051701 (W*mA-2)
13 44 140 80 4083 2 10:10 172.30 1723
14 15 212.10 6363 10.20 209.00 2090
14 45 285 40 9989 10:30 103.20 1032
15:20 133.90 1339 start 10:40 128.00 1280
15:30 190.90 1909 iC:50 146.70 1467
15:40 152.40 1524 11:00 165.00 1650
15:50 170.50 1705 11:10 129.30 1293
16:00 167.50 1675 11:20 128.90 1289
16:10 144.30 1443 11:30 211.80 2118
16:20 163.00 1630 11:40 131.90 1319
16:30 134.10 1341 11:50 171.60 1716
16:40 137.50 1375 12.00 153.20 1532
16:50 125.70 1257 12:10 321.50 3215
17:00 137.20 1372 12:20 168.70 1687
17:10 133.50 1335 12:30 201.70 2017
17:20 216.20 2162 12:40 159.80 1598
17:30 108.90 1089 12:50 207.20 2072
17:40 176.50 1765 13:00 240.90 2409
17:50 89.41 894.1 13:10 205.10 2051
18:00 59.10 591 13:20 162.10 1621
18:10 67.81 678.1 13:30 125.60 1258
18:20 53.63 536.3
18:30 30.17 301.7 36437
18:40 75.85 758.5
18:50 26.13 261.3
19:00 20.76 207.6
19:10 25.11 251.1
integrated RFF dose day 1: 27400.7
integrated RFF dose day 2: 36437
integrated RFF dose total: 63837.7
Time UVA time'intensity Time UVA time'intensity
051601 (W*mA-2) 051701 (W*mA-2)
13 44 23 82 690 78 10:10 25.00 250
14.15 32.50 975 10:20 30.20 302
14 45 39.87 1395.45 10:30 15.80 158
15:20 25.77 257.7 start 10:40 16.26 162.6
15:30 26.16 261.6 10:50 25.22 252.2
15:40 23.78 237.8 11:00 20.56 205.6
15:50 26.24 262.4 11:10 19.56 195.6
16:00 28.98 289.8 11:20 17.32 173.2
16:10 25.05 250.5 11:30 29.11 291.1
16:20 26.74 267.4 11:40 21.46 214.6
16:30 22.84 228.4 11:50 23.26 232.6
16:40 23.38 233.8 12:00 23.30 233
16:50 21.03 210.3 12:10 42.20 422
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Appendix 10 (cont.)
17:00 23.85 238.5 12:20 28 92 289.2
17:10 20.76 207.6 12:30 20.82 208.2
17:20 30.34 303.4 12:40 2446 244.6
17:30 19.28 192.8 12:50 27.41 274.1
17:40 24.02 240.2 13:00 27.98 279.8
17:50 15.02 150.2 13:10 27 96 279.6
18:00 11.93 119.3 13:20 22.16 221.6
18:10 12.11 121.1 13:30 20.68 206 8
18:20 10.49 104.9
18:30 11.28 112.8 5096.4
18:40 7.34 73.38
18:50 5.36 53.63
19:00 4.15 41 48
19:10 4.94 49.36
[integrated UVA dose day 1: 4508.35
[integrated UVA dose day 2: 5096.4
iintegrated UVA dose total:__________ 9604.75
Time UVB time’ intensity Time UVB time'mtensity
051601 (mW*mA-2) 051701 (mW*mA-2)
13.44 817.80 23716.2 10:10 560.2 5602
14 15 1118 00 33540 10:20 623 6230
14 45 1270.00 44450 10:30 390 3900
15:20 734.90 7349 start 10:40 439.5 4395
15 30 749.10 7491 10:50 512.2 5122
15:40 689.90 6899 11:00 695.1 6951
15:50 758.60 7586 11:10 512.1 5121
16:00 695.10 6951 11:20 486.1 4861
16:10 674.90 6749 11:30 730.2 7302
16:20 697.50 6975 11:40 566.4 5664
16:30 634 70 6347 11:50 643.4 6434
16:40 624.50 6245 12:00 633.5 6335
16:50 577.30 5773 12:10 1004 10040
17:00 618.50 6185 12:20 706.8 7068
17:10 497.30 4973 12:30 724.4 7244
17:20 614.90 6149 12:40 677.1 6771
17:30 435.10 4351 12:50 724.2 7242
17:40 496.00 4960 13:00 977.8 9778
17:50 339.10 3391 13:10 835 8350
18:00 290.40 2904 13:20 718.1 7181
18:10 290.30 2903 13:30 649.20 6492
18:20 248.10 2481
18:30 172.10 1721 138083
18:40 141.90 1419
18:50 119 20 1192
19:00 86.57 865.7
19:10 105.12 1051.2
integrated UVB dose day 1: 112910.9
integrated UVB dose day 2: 138083
integrated UVB dose total:__________ 250993.9
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rtp p C U U IA  l U l l U l l l . l .
060501 vis. light tim e’ intensity UVA tim e’ intensity UVB tim e’ intensity
Time
11:45
(W*mA-2)
150.8
vis. light
1588
(W*mA-2) UVA
20.8 208
(mW*mA-2) UVB
710 7100
11:55 180 1800 26.24 262.4 780.3 7803
12:05 181.7 1817 26 .45 264 5 795.5 7955
12:15 202.3 2023 28 .86 288.6 857.8 8578
12:25 201.6 2016 30.45 304.5 905.7 9057
12:35 172.5 1725 25.29 252.9 783 7830
12:45 216 2160 31.08 310.8 931.5 9315
12:55 243 2430 35 .57 355.7 1117 11170
13:05 241.2 2412 36.19 361.9 1118 11180
13:15 165.6 1656 32.03 320.3 905.8 9058
13:25 150.6 1506 24.04 240.4 774.4 7744
13:35 135.9 1359 21.71 217.1 703 3 7033
13:45 126.6 1266 20.58 205.8 631.8 6318
13:55 119.8 1198 19.21 192.1 595.3 5953
14:05 121.9 1219 19.4 194 590.3 5903
14:15 101.92 1019.2 15.9 159 476 4760
14:25 111.6 1116 17.39 173.9 526.7 5267
14:35 116.2 1162 18.03 180.3 547.5 5475
14:45 181.8 1818 26.48 264.8 785.7 7857
14:55 122.9 1229 20.06 200.6 598.6 5986
15:05 136.6 1366 21.46 214.6 678.6 6786
15:15 164.3 1643 26 52 265.2 789.3 7893
15:25 159.5 1595 25.67 256.7 715.5 7155
15:35 116.6 1166 19.55 195.5 584.3 5843
15:45 117.4 1174 19.51 195.1 606.1 6061
15:55 136.1 1361 20.68 206.8 587.7 5877
16:05 124.5 1245 20.14 201.4 582.7 5827
16:15 137.7 1377 27.9 279 693.5 6935
16:25 136 6 1366 25.53 255.3 852 8520
integrated dose total: 44812 .2 7027.2 212 23 9
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